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Kurzzusammenfassung
Das Thema dieser Arbeit ist die Evaluierung und Optimierung des Durchlaufhochraten-
aufdampfens von Aluminium zur Kontaktierung von Silizium Solarzellen. Im Rahmen der
Arbeit werden Wafertemperaturen wa¨hrend des Beschichtungsprozesses bestimmt sowie die
Waferverbiegung nach dem Aufdampfen und die elektrischen Eigenschaften der abgeschiede-
nen Aluminiumschichten untersucht. Desweiteren wird erstmalig gezeigt, dass durch einen
einfachen Aufdampfschritt ohne weitere Temperaturbehandlungen aluminiumdotiertes Si-
lizium hergestellt werden kann.
Die Temperaturentwicklung von Silizium Wafern wa¨hrend des Durchlaufhochratenauf-
dampfens von Aluminium wird untersucht. Es wird experimentell gezeigt, dass die Wafer-
temperaturen von der Waferdicke W, der Aluminiumschichtdicke d und der Emissivita¨t ε
des Wafers abha¨ngen. Zweidimensionale Finite-Elemente Simulationen geben die gemess-
enen Maximaltemperaturen mit einer Genauigkeit von 97% wieder.
Im Rahmen dieser Arbeit wird ebenfalls die Waferverbiegung nach dem Durchlauf-
hochratenaufdampfen untersucht. Die gemessenen Verbiegungen werden durch die elas-
tische Verbiegungstheorie u¨berscha¨tzt, ko¨nnen jedoch unter Annahme einer zuna¨chst elas-
tischen Verbiegung und einer nach dem ersten Abku¨hlen einsetzenden plastischen Verfor-
mung beschrieben werden.
Desweiteren werden die elektrischen Eigenschaften der aufgedampften Aluminiumschich-
ten und hierbei insbesondere die Sperrsa¨ttigungsstromdichten und Kontaktwidersta¨nde un-
tersucht. Es ko¨nnen Parametrisierungen der gemessenen Sperrsa¨ttigungsstro¨me von Kon-
takten zu p-Typ Wafern sowie zu bordiffundierten Schichten erstellt werden. Ferner wird
ebenfalls eine Parametrisierung der gemessenen Kontaktwidersta¨nde zu p-Typ Silizium mit
verschiedenen Oberfla¨chendotierungen sowie eine Berechnung der Aktivierungsenergie des
Kontaktbildungsprozesses pra¨sentiert.
Die gemessenen elektrischen Eigenschaften werden in eindimensionalen Simulationen
zur Abscha¨tzung von Wirkungsgraden von Solarzellen verwendet. Anhand der Simulatio-
nen kann gezeigt werden, dass das Ersetzen eines siebgedruckten Aluminiumru¨ckkontaktes
durch einen aufgedampften Aluminiumru¨ckkontakt eine Steigerung des Zellwirkungsgrades
um bis zu 1.6% ermo¨glicht.
Erstmalig wird in dieser Arbeit gezeigt, dass durch einen einfachen Aufdampfschritt
ohne weitere Temperaturbehandlungen aluminiumdotierte p+ Bereiche hergestellt werden
ko¨nnen und dass die Sperrsa¨ttigungsstromdichten von ganzfla¨chigen und von lokalen p+
Regionen im Bereich von konventionell eingesetzten siebgedruckten p+ Bereichen liegen.
Diese Arbeit zeigt die hohe Qualita¨t von mittels Hochratenaufdampfens im Durchlaufver-
fahren hergestellten Aluminiumkontakten zu Silizium Solarzellen und dass das Hochraten-
aufdampfen eine gute Alternative zum konventionellen Siebdruckprozess ist.
Abstract
This work focuses on the in-line high-rate evaporation of aluminum for contacting rear sides
of silicon solar cells. The substrate temperature during the deposition process, the wafer
bow after deposition, and the electrical properties of evaporated contacts are investigated.
Furthermore, this work demonstrates for the first time the formation of aluminum-doped
silicon regions by the in-line high-rate evaporation of aluminum without any further tem-
perature treatment.
The temperature of silicon wafers during in-line high-rate evaporation of aluminum is
investigated in this work. The temperatures are found to depend on the wafer thickness
W, the aluminum layer thickness d, and on the wafer emissivity ε. Two-dimensional finite-
element simulations reproduce the measured peak temperatures with an accuracy of 97%.
This work also investigates the wafer bow after in-line high-rate evaporation and shows
that the elastic theory overestimates the wafer bow of planar Si wafers. The lower bow is
explained with plastic deformation in the Al layer. Due to the plastic deformation only
the first 79 K in temperature decrease result in a bow formation.
Furthermore the electrical properties of evaporated point contacts are examined in this
work. Parameterizations for the measured saturation currents of contacted p-type Si wafers
and of contacted boron-diffused p+-type layers are presented. The contact resistivity of the
deposited Al layers to silicon for various deposition processes and silicon surface concen-
trations are presented and the activation energy of the contact formation is determined.
The measured saturation current densities and contact resistivities of the evaporated
contacts are used in one-dimensional numerical simulations and the impact on energy
conversion efficiency of replacing a screen-printed rear side by an evaporated rear side is
presented.
For the first time the formation of aluminum-doped p+-type (Al-p+) silicon regions by
the in-line high-rate evaporation of aluminum without any further temperature treatment
is presented. Contact saturation current densities of full-area and of local Al-p+ regions
are shown to be in the same range as published data of unpassivated screen-printed Al-p+
regions.
The results of this work prove the high quality of rear contacts to silicon solar cells
that are formed by in-line high-rate evaporation of aluminum and that evaporation is a
competitive alternative to the screen-printing technology.
Schlagworte: Durchlauf-Hochraten-Aufdampfen, Silizium-Solarzelle, Temperatur
Keywords: in-line high-rate evaporation, silicon solar cell, temperature
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Introduction
In contrast to fossil energy resources renewable energies like wind, water, and solar en-
ergy are not limited and they might offer an alternative to the present energy supply. A
main issue is driving down the costs of the renewable energies. Over the last 20 years
the electricity price contribution of a photovoltaic module could significantly be reduced
from about 6 Euro/kWh in 1976 to approximately 0.15 Euro/kWh in 2010 [1]. However,
a further reduction of the costs per kWh is necessary. This can either be done by reducing
the production costs of solar cells and/or by increasing the energy conversion efficiency.
Alternative production processes might thus be of interest. Screen-printing of aluminum
pastes is the state-of-the-art process in industrial metallization of silicon solar cells. This
process has three steps: (i) A viscous metal paste is printed onto the silicon surface through
a screen by applying a force. (ii) The paste is dried for about 5 minutes at a temperature
of ∼ 500 K. (iii) The metal paste is fired in a conveyor-belt furnace at peak tempera-
tures of ∼ 1100 K [2]. The firing provides an ohmic contact on the entire rear side and
also forms an aluminum-doped p+-type region, which reduces the rear surface recombina-
tion [3]. However, the electrical and optical properties of such aluminum-doped p+-type
regions are only moderate and the full-area metal-semiconductor contact often limits the
solar cell open-circuit voltage and therefore the energy conversion efficiencies. Addition-
ally, the screen-printing process leads to mechanical stress of the wafer and wafer bowing
during the firing process is a severe problem for the mechanical yield in production [4].
In contrast, evaporation of aluminum for contacting silicon solar cells is known as a high-
efficiency laboratory technique [5–7] used for the metallization of record solar cells [8–10].
The evaporation process consists mainly of three sequential steps: (i) A solid source of
film material is provided, (ii) the material evaporates in vacuum and is transported to
the substrate, and (iii) the deposition takes place. Recently, the in-line high-rate evapora-
tion of aluminum to the rear side of ’passivated emitter and rear cells’ (PERC) has been
introduced as a potentially industrially feasible metallization scheme [11,12]. Besides tech-
nological advantages over screen-printed contacts the evaporation of aluminum might also
offer economical benefits, since the costs of the consumables can be reduced when using the
evaporation technique. Nevertheless, so far screen-printing is still the standard technique
used in the industry for the rear contact formation to silicon solar cells. This thesis inves-
tigates the technological potential of the in-line high-rate evaporation of aluminum - as a
potentially industrially feasible metallization scheme - for rear contacts to silicon solar cells.
1
2 Contents
Chapter 1 gives a short review of the physics of metal-semiconductor contacts. Screen-
printing, the state-of-the art metallization technique, is shortly presented and the evapo-
ration process as well as an in-line high-rate evaporation system are introduced.
Chapter 2 deals with the temperature of silicon wafers and of silicon solar cells dur-
ing the in-line high-rate deposition of aluminum. Measured temperatures are presented
and two-dimensional finite-element simulations are carried out. Using the simulation tool
the deposition process is optimized regarding temperature limits.
Chapter 3 examines the wafer bow of silicon wafers after the in-line high-rate deposi-
tion of aluminum. The wafer bow is investigated regarding elastic bending and plastic
deformation and an analytical formula for describing the bow is deduced.
Chapter 4 investigates point contacts to boron-doped p-type silicon wafers and to boron-
diffused p+-layers. The point contacts are formed by laser contact openings and by evapo-
ration of aluminum and are investigated regarding their contact resistivity and saturation
current densities. Parameterizations for both electrical properties are presented.
Chapter 5 describes the formation of aluminum-doped p+-type (Al-p+) silicon regions
by the evaporation of aluminum. The aluminum-doped regions are analyzed by scanning
electron microscope investigations, by electrochemical capacitance voltage profiling, and
by minority charge carrier lifetime measurements. Saturation current densities of full-area
aluminum-doped regions and of local contacts are presented.
Chapter 6 estimates the impact of replacing screen-printed rear contacts by evaporated
contacts. As the baseline case a PERC solar cell with screen-printed metallization is consid-
ered. The rear side is replaced by (i) evaporated base contacts and (ii) by a boron-diffused
back surface field layer and evaporated contacts.
Chapter 7 summarizes this work.
Annex A gives an analytical verification of the two-dimensional temperature simulations
from Chapter 2.
Annex B investigates the electrical properties contact resistivity and saturation current
density of evaporated point contacts to n+-type silicon.
1. Review of rear contacts to silicon
solar cells
In this thesis, the contact formation to silicon solar cells by means of in-line high-rate
evaporation is investigated. In order to motivate the topic of this work, the current Chapter
gives a short overview of the metal-semiconductor contact theory. Also, the screen-printing
process, the standard industrial technology for the formation of aluminum contacts to
silicon solar cells, is introduced. The principle of evaporation of aluminum is discussed and
the in-line high-rate evaporation of aluminum using the ATON 500 deposition system is
presented. The potential advantages of evaporated contacts over screen-printed contacts
are briefly discussed.
1.1. Metal-semiconductor contact
The metal-semiconductor contact was first examined by Braun in 1874 [13], who found the
rectifying characteristics of metal contacts to semiconductors. The theory for understand-
ing these devices was independently given by Schottky and Mott in 1938 [14, 15]. They
explained the characteristics of the metal-semiconductor contact by the existence of a po-
tential barrier. Metal-semiconductor contacts are thus often referred to as Schottky-Mott
contacts.
In the following the theory of the metal-semiconductor contact will briefly be reviewed.
The focus is hereby on aluminum contacts to p-type silicon. This Section is based on
a review given by Rhoderick and Williams [16]. When a metal and a semiconductor are
connected, the silicon near the junction depletes of majority carriers since many unoccupied
states are offered in the metal. In thermal equilibrium the Fermi level along both materials
lines up and the valence band near the junction forms a barrier for holes flowing from the
semiconductor to the metal. Figure 1.1 shows a schematic of the aluminum contact to p-
type silicon according to the Schottky-Mott model. The graph shows (a) separated metal
and semiconductor and (b) the ideal metal-semiconductor contact. The barrier height
when contacting p-type silicon can be written as
ΦB = EG − (ΦM − χS), (1.1)
3
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Figure 1.1.: A rectifying metal contact to a p-type semiconductor according to
the Schottky model. (a) Separated metal and semiconductor and (b) the ideal
metal-semiconductor contact according to Schottky-Mott.
where EG is the band gap of the semiconductor, ΦM is the metal work function, i. e. the
potential difference between the Fermi level of the metal and the vacuum level, and χS is
the semiconductor electron affinity, i. e. the potential difference between the bottom of
the conduction band and the vacuum level. Note that the barrier heigth ΦB according to
Eq. (1.1) does not depend on the doping density NA and that following the Schottky-Mott
theory the barrier height to silicon is expected only to depend on the metal work function
ΦM.
Experimentally it was found that the barrier height is a less sensitive function of ΦM
than Eq. (1.1) would suggest [16]. Bardeen suggested this difference between the Schottky-
Mott theory and the experimentally found data to be caused by interface states [17]. He
supposed that the metal and semiconductor remain separated by a thin insulating layer
and that there is a continuous distribution of surface states present at the interface between
the semiconductor and the insulator. If the surface states contain a net charge the width
w =
(
2εsε0Vbi
qNA
)1/2
(1.2)
of the depletion region, depending on the silicon doping density NA, the build-in voltage
Vbi, the relative permittivity εs of silicon, and the vacuum permittivity ε0 = 8.85×10−12
F/m, is reduced and the band bending will thus also decrease. The barrier height is reduced
and is said to be pinned by these states (Fermi-level-pinning). An alternative explanation
for the barrier lowering is the formation of an electric field in the semiconductor at the
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contact interface. A so called image-force is bending the valence band upwards near the
interface and thus the barrier height is reduced close to the interface [18, 19]. The barrier
lowering due to the image force
∆Φ =
(
q3NA(Vbi − kT/q)
8pi2ε3sε
3
0
)1/4
(1.3)
follows by simple electro-static considerations [16] and depends on the elementary charge
q = 1.6×10−19 C, the silicon doping density NA, the build-in voltage Vbi, the Boltzmann
constant k = 8.6×10−5 eV/K, the temperature T, the relative permittivity εS of silicon,
and the vacuum permittivity ε0 = 8.85×10−12 F/m. The image-force lowering influences
the current transport.
In the following the current transport in a metal-semiconductor contact is briefly dis-
cussed. The principal underlying transport is analogous to the thermionic emission of holes
into a vacuum. Thus, the current-voltage relation in a Schottky-Mott contact is
j = A∗T 2exp
(
−q (ΦB −∆Φ)
kT
)(
e
qV
kT − 1
)
, (1.4)
where A* = R m*/m0 is the effective Richardson constant, depending on the Richardson
constant R = 120 A/(cm2 K2), the semiconductor effective hole mass m* and the free hole
mass m0. V is the applied voltage and positive in forward bias. The effective mass depends
on the type of doping and on the crystal orientation. The effective Richardson constant
A* in the case of p-type silicon is A* = 32 A/(cm2 K2) [20]. The contact resistivity
ρc =
(
dj
dV
)−1
V→0
(1.5)
for thermionic emission is then given by
ρc(TE) =
k
qA∗T
exp
(
q (ΦB −∆Φ)
kT
)
. (1.6)
The current-voltage relation predicted by thermionic emission has an ideal rectifying
characteristic. However, under certain circumstances it may be possible for holes with
energies below the barrier height to penetrate the barrier by quantum-mechanical tunneling
[21,22] and thus to form ohmic contacts. A model for this tunneling was given by Padovani
et al. [23] and by Crowell et al. [24]. They use a characteristic energy
E00 =
q~
2
(
NA
m∗tεSε0
)1/2
, (1.7)
where ~ = 6.58×10−16 eV s is the reduced Planck constant and m*t the effective tunnel
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mass, to describe the theory of the metal-semiconductor contact. In the case of kT/E00
 1, the thermionic emission dominates and the contact resistivity is given by Eq. (1.6).
With increasing doping densities holes that are thermally excited to higher energies are
able to tunnel through the thin barrier. This so called thermionic field emission takes place
in the case of kT/E00 ≈ 1. The contact resistivity in this doping region can be calculated
using the WKB (Wentzel-Kramers-Brillouin) approximation [22]. The contact resistivity
ρc is then given by
ρc(TFE) = C1
k
qA∗T
exp
(
q (ΦB −∆Φ)
E00 coth(E00/kT )
)
, (1.8)
with
C1 = kT cosh
(
E00
kT
)(
coth (E00/kT )
piE00 (ΦB + EF)
)1/2
exp
(
EF
E00 coth (E00/kT )
− EF
kT
)
. (1.9)
EF is the Fermi energy level with respect to the valence band. For higher doping densities,
when kT/E00  1, field emission takes place and the contact resistivity follows by
ρc(FE) = C2
k
qA∗T
exp
(
q (ΦB −∆Φ)
E00
)
, (1.10)
where C2 is given by
C2 =
 pi
sin
(
pikT
2 E00
ln
(
4 ΦB
EF
)) − 2 E00
kT ln
(
4 ΦB
EF
)
 exp
−EF ln
(
4 ΦB
EF
)
2 E00
 . (1.11)
According to this model the metal-semiconductor contact resistivity decreases with in-
creasing doping density. This is consistent with experimental findings, where a decrease of
the contact resistivity with increasing surface doping density was observed [25].
1.2. The screen-printing process
Screen-printing is the standard technique used for the formation of aluminum rear contacts
to silicon solar cells. The screen-printing process has been described in many publications
and more detailed information can be found in Refs. [26–29]. This Section is based on a
review given in Ref. [29]. The process mainly consists of three steps: (i) A viscous metal
paste is printed onto the silicon surface through a screen by applying a force. (ii) The
paste is dried for about 5 minutes at a temperature of ∼ 500 K. (iii) The metal paste is
fired in a conveyor-belt furnace at peak temperatures of ∼ 1100 K.
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Figure 1.2.: Binary phase diagram of aluminum and silicon showing the eutectic
point at 850 K.
The Al paste is an important component which has a crucial impact on the contact
properties. Usually, a metallization paste for the rear side of a silicon solar cell consists of
small-grained Al particles plus a small amount of a glass frit, which are both suspended
in an organic solvent. The organic solvent is used to keep the Al particles and the glass
frit in the paste in suspension and it is mainly responsible for the rheology of the paste.
About 70-80 wt% of the complete paste consist of the metal component of small-grained
Al particles. The glass frit enhances the sintering and secures a good mechanical contact
of the metal to the silicon during firing. The firing also forms a highly aluminum-doped
p+ region. The morphological and electrical properties of a screen-printed Al-p+ region are
mainly influenced by the firing process.
The firing process can be divided into three sub-processes: (i) the burnout of the organic
solvents and softening of the glass frit, (ii) the alloying of the Al and Si at the interface,
and (iii) solidification of the Al-Si melt during cooling. Figure 1.2 shows a binary phase
diagram of aluminum and silicon [30]. According to the phase diagram the melting point
of Si decreases -starting at 1683 K for 100 at% Si- along the liquidus line with increasing Al
concentration. At a Si concentration of about 12%, and thus of 88% Al, the melt solidifies
at 850 K which is well below the solidification point of any other Al-Si composition. This
so-called eutectic point represents the lowest solidification temperature where the liquid
and the two solid phases coexist and are in chemical equilibrium. During firing, at the
peak temperature of ∼1100 K, a closed film of an Al-Si liquid forms at the Si surface.
During cooling, the Al-Si liquid starts to undercool, thus the Si concentration in the melt
is decreasing in accordance with the liquidus line in Fig. 1.2. During this process the excess
amount of Si is rejected from the melt and Si grows epitaxially at the solid-Si/liquid-Al-Si
interface. The epitaxially grown Si layer is now doped with Al in accordance with the solid
solubility of Al in Si at a given temperature.
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The Al-p+ region formed during the firing step serves as the so-called back surface field
(BSF) layer, which reduces the recombination of charge carriers at the rear side of the cell.
This can be explained by the potential barrier between the p-type base and the p+-type Al-
BSF of sufficient thickness, which hinders the minority charge carriers to reach the highly
recombination-active metallized Si surface and to recombine there [3]. Thus, the Al-BSF
lowers the recombination underneath the metal contacts drastically, which increases the
solar cell efficiency.
However, the electrical and optical properties of such an Al-BSF are only moderate and
the full-area metal-semiconductor contact often limits the solar cell open-circuit voltage
and therefore the energy conversion efficiency. Industrial-like silicon solar cells with a full-
area screen-printed Al-p+ back surface field achieve efficiencies of up to 18.6% on p-type,
B-doped Czochralski-grown silicon wafers with an area of 156 cm2 [31]. In order to reduce
the rear recombination, the rear side can be passivated and contacted by local aluminum
contacts.
In 1989 the ’passivated emitter and rear cell’ (PERC) was introduced by Blakers et al. [5].
This cell features a passivated rear side and only local contacts. Industrial-type PERC
solar cells with a screen-printed aluminum rear-contact have achieved energy conversion
efficiencies up to 20.2% on p-type, B-doped Czochralski-grown silicon wafers with an area
of 243 cm2 [32, 33]. Nevertheless, the high contact resistivity of ∼ 15 mΩ cm2 of screen-
printed aluminum contacts to silicon is still limiting the fill factor and thus the efficiency
of industrial-type PERC solar cells [34]. Additionally, the screen-printing process leads
to mechanical stress of the wafer and wafer bowing during the firing process is a severe
problem for the mechanical yield in production [4]. Regarding the trend to thinner Si wafers
this is an issue, since mechanical stresses increase with decreasing wafer thicknesses [35].
Also, the production of the Al pastes is technologically demanding and the pastes are thus
expensive and they contain organic solvents, which is critical regarding the environment.
1.3. The evaporation process
The evaporation of aluminum is often used in laboratories for the contact formation to the
rear side of silicon solar cells. In contrast to screen-printing, the evaporation of aluminum
does not typically lead to the formation of an aluminum-doped p+-type back surface field.
Evaporated Al contacts thus feature high recombination at the silicon-aluminum interface.
In order to reduce this recombination, evaporated rear contacts are often applied to solar
cells that feature a passivated rear side and only local contacts [5]. For example, the rear
sides of the solar cells in Ref. [5] were metallized by evaporated aluminum contacts and
record cell efficiencies of 22.8% were reported (p-type, B-doped float-zone silicon, 4 cm2).
However, the high recombination at the silicon-aluminum interface was still limiting the
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energy conversion efficiency of PERC solar cells. By diffusing boron on the rear side of the
solar cells, the performance could significantly be improved.
In 1991, first results on ’passivated emitter rear totally diffused’ (PERT) solar cells were
reported [36]. These cells achieved energy conversion efficiencies of up to 24.5% (p-type,
B-doped magnetically confined Czochralski-grown silicon, 4 cm2). However, the diffusion
on the entire rear surface is increasing the recombination in the passivated areas between
the contacts. As a consequence, ’passivated emitter rear localy diffused’ (PERL) solar cells
were developed, where boron was only diffused into the contact areas at the rear of the
cells. The reported efficiency of 25% is still the highest efficiency measured under the global
AM1.5 spectrum (1000 W/m2) at 298 K (p-type, B-doped float-zone silicon, 4 cm2) [10,37].
These laboratory PERC, PERT, and PERL cells demonstrate the potential of evaporated
aluminum rear contacts. In the following, the fundamentals of the evaporation process are
discussed and a potentially industrially feasible in-line high-rate metallization system is
introduced.
1.3.1. Fundamentals of evaporation
The evaporation of metals is a physical vapor deposition (PVD) process and is used to
deposit thin layers on substrates. The process contains mainly three sequential steps: (i)
A solid source of film material is provided, (ii) the material evaporates in vacuum and and
is transported to the substrate, and (iii) the deposition takes place. The solid film material
is hereby vaporized by heat or by an energetic beam of electrons, photons, or positive
ions. In this work, the thermal evaporation of aluminum onto silicon is considered. In the
following a brief overview of the evaporation process will be given.
In vacuum, vapor is produced from a heated metal. The temperature-dependent equi-
librium vapor pressure
dpv
dT
=
∆Hv
T (Vv − Vl) (1.12)
is given by the Clausius-Clapeyron equation, where T is the temperature, ∆Hv is the heat
of evaporation, and Vv and Vl are the molar volume of the vapor and of the liquid phase,
respectively. The molar volume of the liquid phase can be neglected compared to that
of the vapor phase. In vacuum the metal vapor can be regarded as an ideal gas and Eq.
(1.12) thus simplifies to
dpv
pv
=
∆HvdT
RT 2
, (1.13)
where R = 8.31 J/(mol K) is the gas constant. Eq. (1.13) integrates to
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pv = A e
−∆Hv
RT , (1.14)
where A is a constant of integration. In practice, the evaporation rate, which describes the
per time and area evaporated amount of material, is more of interest than the equilibrium
vapor pressure. The evaporation rate
G = 0.044 pv
√
M
T
(1.15)
depends on the equilibrium vapor pressure pv, the molar mass M, and the temperature T
of the evaporation source [38]. Low evaporation rates cause reactions of the evaporated
metal with residual gas molecules, which may lead to oxidized films on the substrate. High
evaporation rates lead to an increased vapor pressure and thus to increased collisions of
the vapor particles, resulting in a lowering of the rate. The evaporated aluminum particles
have in average an energy Ev of
Ev =
m
2
v2 =
3
2
kT, (1.16)
where v is the velocity of the particels. The average energy is thus depending on the
temperature of the evaporation source. A typical evaporation temperature is in the order
of 1500 to 2000 K, the average energy of one aluminum atom is thus in the order of
0.2 to 0.26 eV. After the transport the evaporated material approaches the surface of the
substrate and if enough of its perpendicular component of momentum is dissipated into the
surface, the material will not be able to escape and will be attracted by the surface. The
material might still be able to migrate along the surface, until absorbed. When deposited
on the substrate, the atom releases its kinetic energy in the order of 0.2 to 0.26 eV. By the
phase change from gaseous to solid, the enthalpy of sublimation ∆HAl = 11.25 kJ/g is also
released. This corresponds to an energy of 3.15 eV per Al atom. The evaporation process
has been described in many publications and more detailed information can be found in
Refs. [38–40].
1.3.2. In-line high-rate deposition system
The evaporation of aluminum in laboratories is usually done in batch evaporation systems.
The systems consist of only one vacuum chamber, which has to be vented and evacuated
for each deposition process. Thus, the batch systems are leading to high process times,
which are probably not acceptable in solar cell productions. An in-line system that consists
of various chambers is more suitable as an industrial application of the evaporation, since
the process chamber does not have to be vented and evacuated for each deposition process
and a higher throughput can thus be achieved.
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ATON 500
Figure 1.3.: In-line high-rate evaporation system ATON 500. The image shows
the unloading area of the system and a carrier with 9 silicon solar cells after the
rear side metallization.
The aluminum depositions in this thesis are carried out in an in-line high-rate metalliza-
tion system (ATON 500 from Applied Materials). In winter 2008 / 2009 this system was
installed at the Institute for Solar Energy Research Hamelin (ISFH). The author partici-
pated in the installation of the ATON 500. This included contract negotiations, definition
of the technical requirements for the system, preparation of the technical infrastructure at
ISFH, the mechanical installation itself, ordering of spare parts, and the process definition
and process optimization. Figure 1.3 shows an image of the ATON 500 and of a carbon
carrier with nine silicon solar cells. The carrier moves with tray speed vtray in continuous
substrate flow through the deposition system. Figure 1.4 shows a schematic of the in-line
high-rate deposition system. The system consists of 7 modules that are separated by valves.
Each module features a pump unit in order to evacuate the corresponding module. The
carrier enters the system in the loading area and moves into module 1. Module 1 is then
evacuated within ∼ 25 seconds to a pressure of ∼ 7×10−2 mbar. Subsequently the carrier
moves to module 2, which is then evacuated within ∼ 20 seconds to a pressure of ∼ 1×10−3
mbar. The waiting times in the modules 1 and 2 can be adapted if lower pressures are
required. The shortest mechanical cycle time in order to avoid a ’carrier-jam’ is 45 seconds.
This results in a maximum throughput of 80 carriers and thus of 720 solar cells with edge
length 156 mm per hour. The carrier moves into module 3 when the required pressure
is reached. The Al deposition takes place in module 4. The process pressure depends on
the Al deposition rate and is typically in the order of (1-5)×10−4 mbar. Aluminum vapor
is generated in vacuum by continuously feeding Al wires to electrically-heated boron ni-
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Figure 1.4.: Schematic drawing of the ATON 500 in-line high-rate evaporation
system. The carriers move in continuous substrate flow through the system from
the loading to the unloading zone and pass the evaporator in module 4. Figure is
taken from Ref. [41].
tride boats. The evaporated aluminum deposits on the solar cells that move on the carrier
through the deposition chamber. The wire velocity as well as the heating power can be
adjusted for each boat to control the homogeneity over the complete tray width of 500 mm
as well as the overall deposition rate. Figure 1.5 shows a schematic sketch of the deposition
process. After the deposition process the carrier moves to module 7, which is then vented.
Afterwards, the carrier moves to the unloading area.
Figure 1.5.: Schematic sketch of the Al deposition process. An aluminum wire
is steered onto a heated boron nitride boat, resulting in a continuous generation of
aluminum vapor. The evaporated aluminum deposits on the sample that moves on
a carrier through the deposition chamber. 10 BN boats are positioned next to each
other in z-dimension to have a homogeneous deposition on a width of 500 mm.
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Determination of dynamic deposition rate
The dynamic deposition rate rdyn = d×vtray is defined as the product of the Al layer
thickness d deposited on a sample and the tray speed vtray. We consider two dynamic
deposition processes and employ two methods for determining the dynamic deposition rate
rdyn. In the first method we measure the Al layer thickness d after in-line deposition
at various tray speeds vtray and calculate the dynamic deposition rate as rdyn = (4.9 ±
0.2) µm×m/min for process 1 and rdyn = (19.7 ± 0.3) µm×m/min for process 2. For
the measurement of the Al layer thickness d we fix a stripe of kapton tape onto a glass
substrate. Then, we deposit the Al onto the glass and the kapton tape and remove the
kapton tape after the deposition. This leads to a sharp edge and the Al layer thickness
can be measured using a surface profiler (Dektak 150 from Veeco).
In the second method we first perform a static deposition by evaporating the aluminum
on the closed shutter, stopping the glass substrates over the boat and then opening the
shutter. After 15 seconds the shutter is closed again and we measure the aluminum layer
thicknesses d at various positions x on the glass substrates. We then determine the local
static deposition rate rs(x) along the direction of vtray.
Figure 1.6.: Local distribution of the static deposition rate rs(x) in the deposition
chamber. The width l of the coating area for both processes in direction of sample
flow is determined to be (35 ± 2) cm with a maximum static deposition rate rs,max
in the center of the boats of (445 ± 45) nm/s (process 1) and of rs,max = (1800
± 85) nm/s (process 2).
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The dynamic deposition rate
rdyn =
∫ 40cm
0
rs(x)dx (1.17)
follows by integrating the static deposition rate rs(x) over the entire deposition width.
Figure 1.6 shows the measured static deposition rate rs(x) from processes 1 and 2. Process
1 (blue squares) features a maximum static deposition rate of rs,max = (445 ± 45) nm/s
in the center of the boats whereas process 2 (green triangles) features a maximum static
deposition rate of rs,max = (1800 ± 85) nm/s. Using Eq. (1.17) gives rdyn = (5 ± 0.2)
µm×m/min for process 1 and rdyn = (20.6 ± 0.8) µm×m/min for process 2. Both methods
thus agree within the error bars. The local distribution of the static deposition rate will
be used in Chapter 2 for the simulation of the wafer temperature during evaporation.
Throughout this work several processes are tested and the results are described in the
corresponding Chapters. The results presented in this work are obtained with aluminum
of a purity of 99.98%. However, using aluminum of purities of 99.999%, which is state of
the art in laboratory batch evaporation systems, and of 99.7% did not show a different
behavior in investigations of lifetimes and contact resistivities.
1.4. Chapter summary
This Chapter gives a review of the theory of metal-semiconductor contacts, of the screen-
printing process, and of the evaporation process. When aluminum and silicon are con-
nected, the valence band forms a barrier. According to the simplest approximation, the
barrier height depends on the band gap of silicon, the metal work function of aluminum and
the silicon electron affinity. Experimentally a lower barrier height is found. Ohmic contacts
are possible by tunneling, which requires highly doped silicon surfaces. The common in-
dustrial technology for contacting the rear sides of silicon solar cells is briefly reviewed: An
aluminum paste is applied by screen-printing to the silicon surface and a subsequent firing
step forms a highly aluminum-doped p+ region. This region reduces the effective surface
recombination velocity at the rear side of the cell. As an alternative to the screen-printing
process the evaporation of aluminum is introduced, which is known to form high-quality
contacts to silicon solar cells when using laboratory batch systems. For an industrially
feasible application, an in-line high-rate evaporation system is presented, where dynamic
deposition rates rdyn between (4.9 ± 0.2) µm×m/min and (20.6 ± 0.8) µm×m/min are
achieved.
2. Temperature during aluminum
deposition
This Chapter deals with the temperature of silicon wafers and of silicon solar cells during
the in-line high-rate evaporation of aluminum. The deposition of aluminum onto silicon
wafers leads to an increase in wafer temperature due to the enthalpy of deposition. In
order to achieve a high throughput high deposition rates are necessary. These high rates
are inevitably leading to elevated wafer temperatures, which may have an impact on solar
cell parameters such as the contact resistivity, the passivation quality of dielectric layers, or
might result in a wafer bow, which is not tolerable for the module assembly. Therefore the
knowledge of the substrate temperature during in-line high-rate aluminum deposition, and
hereby especially the knowledge of the peak temperature, is essential for understanding
and improving the deposition process. The present Chapter deals with the temperatures
that occur during deposition and presents measured and simulated temperatures. The
two-dimensional finite-element simulation is based on the heat flows that occur during the
deposition. Parts of this Chapter are published in Ref. [42].
2.1. Sample preparation and temperature measurement
For the experiments 156 × 156 mm2, (1 0 0)-oriented, 220 µm-thick, p-type, B-doped
Czochralski-grown silicon wafers (Cz-Si) with a resistivity of 4.7 Ω cm are used. After
KOH etching there are three groups of wafers with a thickness of 130 µm, 140 µm, and 180
µm-thick, respectively. In order to obtain single side textured wafers, the rear side of 140
µm-thick planar wafers is protected with a 100 nm-thick plasma-enhanced chemical vapor-
deposited silicon nitride (SiNx) layer that has a refractive index n = 1.9. Subsequently,
single side texturing is done in a KOH based alkaline solution. The final wafer thickness
of the single side textured wafers is 130 µm. From SEM images the size of the resulting
random pyramids is determined to be in the range of 3 to 5 µm. The silicon nitride mask
is removed in a 40% solution of hydrofluoric acid.
Afterwards, 2 and 5 µm-thick aluminum layers are deposited on rear sides of the planar
and the textured silicon wafers using the processes from Table 2.1. The dynamic deposition
rate is rdyn = 5 µm×m/min for all processes. The wafer temperature during the deposition
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Table 2.1.
Tray speed vtray, Al layer thickness d, and wafer thickness W of the
evaluated processes. The dynamic deposition rate of all processes is
rdyn = 5 µm×m/min. The variation in Al layer thickness d is achieved
by choosing various tray speeds.
Process Tray speed vtray[m/min] Wafer thickness W [µm] Al layer thickness d [µm]
1 1 180 5
2 2.5 130 2
3 2.5 130 (textured) 2
4 2.5 180 2
process is measured using three thermocouples (PA1571A from datapaq). A data logger
(Q18 from datapaq) moves along with the wafers through the deposition system and stores
the temperature data. The thermocouples are fixed to the wafer’s front side on the down-
stream edge of the wafer, where the deposition starts last, i. e. at x = 0 in Fig. 1.5. The
thermocouples are fixed using a kapton tape. The tape covers about 2% of the wafer’s
front side, which affects the wafer emissivity and therefore the wafer temperature. We
measure the temperature of a wafer with the entire front side covered with kapton tape in
order to quantify the influence of the kapton tape on wafer temperature. The measured
temperature is 7% higher when measured in K than the temperature of a wafer with only
2% of the front side covered with kapton tape. We thus estimate the tape-induced error
in temperature to be less than 1%.
2.2. Experimental results and discussion
We measure the temperature for the processes 1 through 4 listed in Table 2.1 on two
wafers each. Each wafer holds three thermocouples. The standard deviation of the six
measurements and the tape-induced error define the error bars presented in the following
figures. The symbols in Fig. 2.1 represent the measured temperature of 130 (squares) and
180 µm-thick planar Cz-Si wafers (triangles) during deposition of 2 µm-thick Al layers at a
dynamic deposition rate of rdyn = 5 µm×m/min. The wafer temperature before deposition
is equal to the chamber temperature Tchamber = 298 K and increases during deposition
within 14 seconds to the peak temperature of (559 ± 12) K for the 130 µm-thick wafer and
within 18 seconds to (482 ± 11) K for the 180 µm-thick wafer, respectively. The increase
in temperature is caused by the enthalpy of deposition of the evaporated aluminum.
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Figure 2.1.: The symbols represent the measured temperatures of 130 (squares)
and 180 µm-thick silicon wafers (triangles) during deposition of a 2 µm-thick Al
layer. The measured peak temperatures are (559 ± 12) K for the 130 µm-thick
wafer and (482 ± 11) K for the 180 µm-thick wafer, respectively. The solid lines
represent simulated temperatures.
With increasing temperature the heat radiation of the wafer increases. Equality of the
heat flows caused by the Al deposition and by the heat radiation is reached at a certain
time and thereafter the wafer temperature decreases. The lower heat capacity of the thin-
ner wafer causes the faster temperature increase and the higher peak temperature when
compared to the 180 µm-thick Si wafer.
Figure 2.2 shows the temperature of 180 µm-thick silicon wafers during the deposition
of 2 (triangles) and 5 µm-thick Al layers (diamonds). The wafer temperature before de-
position equals the chamber temperature of Tchamber = 298 K. The peak temperatures are
(701 ± 14) K for the 5 µm process and (482 ± 11) K for the 2 µm process. The difference
in peak temperature is caused by the difference in Al layer thickness.
Figure 2.3 shows the temperature of 130 µm-thick, planar (square) and textured (trian-
gles), silicon wafers during the deposition of a 2 µm-thick Al layer. The deposition results
in a peak temperature of (559 ± 12) K for the planar wafer and of (539 ± 13) K for the
textured wafer. The temperature of the textured wafer decreases faster than the temper-
ature of the planar wafer. The higher emissivity of the textured wafer causes both the
lower peak temperature and the faster decrease in temperature. In conclusion, the wafer
temperature during in-line high-rate deposition of aluminum was shown to depend on the
wafer thickness (Fig. 2.1), the aluminum layer thickness (Fig. 2.2), and the wafer emis-
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Figure 2.2.: Measured temperatures of 180 µm-thick silicon wafers during deposi-
tion of 2 (triangles) and 5 µm-thick Al layers (diamonds) at a dynamic deposition
rate of rdyn = 5 µm×m/min. The high deposition rate leads to an increase in wafer
temperature caused by the deposition enthalpy of aluminum. The thicker Al layer
results in higher temperatures. The solid lines represent simulated temperatures.
sivity (Fig. 2.3). The wafer emissivity hereby only depends on the front side morphology
(textured vs. planar front side). A passivation layer on the wafer’s rear or front side might
have an impact on the wafer’s emissivity and thus on the wafer temperature during the Al
deposition. However, no influence on the wafer temperature was observed after applying
a 100 nm-thick front and/or rear side passivation layer of SiNx. This indicates that a 100
nm-thick passivation layer is transparent for the heat radiation of wafers at temperatures
< 700 K. At higher temperatures and thus shorter wavelengths however a SiNx passivation
layer might have an impact on the wafer’s emissivity and thus on the temperature during
Al deposition. Furthermore, the wafer temperature depends on the start temperature Ts,
the wafer temperature before the Al deposition starts. In our experiments the wafers are
not heated prior to deposition and Ts thus equals the temperature of the deposition system
and thus room temperature.
2.3. Temperature simulation 19
Figure 2.3.: Measured temperature of 130 µm-thick, planar (squares) and tex-
tured (triangles), Cz-Si wafer during deposition of a 2 µm-thick Al layer. The
high deposition rate leads to an increase in wafer temperature of up to (559 ± 12)
K for the planar wafer and up to (539 ± 13) K for the textured wafer. The tem-
perature decreases according to the emissivity of the wafer. The higher emissivity
of the textured wafer causes both the difference in peak temperature and the faster
decrease of temperature. The solid lines represent simulated temperatures.
2.3. Temperature simulation
In this Section the temperature of silicon wafers during in-line high-rate evaporation is
calculated. The simulation is based on a simplified model of the heat flows j during
evaporation. These heat flows are caused by the enthalpy of deposition of aluminum and
heat radiation of the wafer. Figure 2.4 shows a schematic sketch of the heat flows. A
silicon wafer of thickness W moves with tray speed vtray through the deposition chamber.
Aluminum deposits on the rear side of the wafer and the enthalpy of deposition is released.
This leads to an increase in wafer temperature. The wafer’s front side radiates heat.
This heat is in parts reflected from the deposition chamber and might be reabsorbed
by the silicon wafer. In the following Sections, the heat conduction within the wafer
and the boundary conditions are discussed and simulated wafer temperatures using two-
dimensional finite-element simulations are presented. It will be shown that simulated and
measured peak temperatures agree within an uncertainty of 3% when given in K. Finally,
the simulation will be used to optimize the deposition process regarding upper temperature
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Figure 2.4.: Model of the heat flows considered in the simulation. The bound-
ary conditions are defined by the heat flows, which are caused by the deposition
enthalpy of aluminum jdep, the heat radiation of the wafer front side jrad and the
reflected heat radiation from the chamber to the wafer front side jref.
limits. An analytical verification of two limiting cases will be presented in Appendix A.
2.3.1. Heat conduction within the wafer
The heat conduction within the wafer is described by the partial differential equation
ρSi CSi (T)
∂T
∂t
− ~∇ (k(T) ~∇(T)) = 0, (2.1)
where ρSi = 2.336 g/cm
3 is the density of silicon, CSi(T) is the temperature dependent
heat capacity of silicon [43], ~∇=( ∂
∂x
, ∂
∂y
) is the vector differential operator, and k(T) is the
temperature dependent thermal conductivity of silicon [44]. The right-hand side equals
zero as there are no heat sources in the wafer.
2.3.2. Boundary conditions
Boundary conditions are required for solving Equation (2.1). In the following three heat
flows that define the boundary conditions are discussed.
Heat flow caused by enthalpy of deposition
The enthalpy of deposition is released during the evaporation process and leads to an
increase in wafer temperature. The heat flow by the enthalpy of deposition
jdep(x) = ∆HAl ρAl rs(x) (2.2)
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enters the wafer at y = 0 and depends on the position x, the enthalpy of deposition ∆HAl
= 11.25 kJ/g, and the density of aluminum ρAl = 2.7 g/cm
3. Here, rs(x) is the static
deposition rate shown in Fig. 1.6. Shortly after starting the Al deposition the rear side
of the silicon wafer will be covered with aluminum. Aluminum is known to have a low
emissivity of (4 ± 2)% in the spectral range of 1 to 20 µm [45]. This holds approximately
in the temperature range of 300 to 760 K [45, 46]. Additionally, the heated boron nitride
boats are partially covered with an Al layer during the evaporation process. Thus the heat
radiation from the boats is not expected to significantly increase the wafer temperature
and this heat flow is neglected.
Heat radiation of the wafer
We consider only the heat radiation flux leaving the wafer’s front side at y = W, because
the rear side is covered with an aluminum layer of low emissivity [45,46] and the other two
sides have a small surface area compared to the front side. The heat flux
jrad(T) = ε(T) σ T
4 (2.3)
leaving through the front side depends on the emissivity ε(T), the Stefan-Boltzmann con-
stant σ = 5.67×10−8 W/(m2 K4) and the temperature T. We calculate the emissivity
ε(T) =
∫∞
0
ελ(λ,T) jPlanck(λ,T) dλ∫∞
0
jPlanck(λ,T) dλ
(2.4)
of the metallized wafer [47], where ελ(λ,T) is the spectral emissivity and jPlanck(λ,T) is the
spectral black body radiation calculated with Planck’s law [48]:
jPlanck(λ,T) =
2hc2
λ5
1
ehc/kT − 1 . (2.5)
Equation (2.4) requires the spectral emissivity ελ(λ,T) of the metallized silicon wafer
to be known. The spectral emissivity equals the spectral absorption [49]. Therefore, the
spectral absorption of a metallized silicon wafer is calculated in accordance to the model
from Ref. [50]. This model was used from Brendel et al. to calculate the absorption of a
silicon wafer. We extend the model to calculate both, the absorption of the silicon wafer
and of the Al layer on the rear side.
Figure 2.5 gives a schematic sketch of a silicon wafer with a metallized rear side. The
wafer has the thickness W, the refraction index nSi(λ,T), and the absorption coefficient
αSi(λ,T). The absorption model also uses the front side transmittance Tf. The transmit-
tance is determined to be Tf = 0.7 for a planar and Tf = 0.9 for a textured wafer using the
Monte Carlo ray tracing program SUNRAYS [51]. Using a spectrophotometer (Cary 5000
from Varian) the internal rear reflectance at the evaporated Al layer is determined to RAl
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Figure 2.5.: Schematic representation of the silicon wafer with an aluminum
layer on the rear side and the light intensities Ii. We describe the optical behavior
of the front side by a transmittance Tf and the optical behavior of the rear side
by a reflectance RAl. The silicon wafer has the refraction index nSi(λ,T) and the
absorption constant αSi(λ,T).
= 0.74 for the wavelength range of 1 to 2.5 µm and this value is assumed as the internal
rear reflectance for wavelengths up to 20 µm. The transmittance TAl = 1 - RAl into the
aluminum layer is identical to the optical absorption in the metal.
The energy flow diagram with the six intensities Ii shown in Fig. 2.5 defines a linear
system of six equations. The energy fluxes are conserved and indicated by the arrows.
Each node with two fluxes adding or subtracting yields one of the equations listed below.
The six linear equations are:
I1 = 1 (2.6)
I2 = I1Tf + I5
(
1− Tf
nSi(λ, T )2
)
(2.7)
I3 = I2e
−αeff(λ,T )W (2.8)
I4 = I3RAl (2.9)
I5 = I4e
−αeff(λ,T )W (2.10)
I6 = I1(1− Tf) +
(
I5Tf
nSi(λ, T )2
)
(2.11)
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The spectral absorption
ASi(λ,T) =
(eαeff(λ,T )W − 1)(eαeff(λ,T )W +RAl) n2Si(λ, T ) Tf
e2αeff(λ,T )W n2Si(λ, T )− n2Si(λ, T )RAl +RAl Tf
(2.12)
in the silicon follows from the six Equations (2.6) to (2.11) similar to Ref. [50]. The
absorption in the Al layer is given by
AAl(λ,T) =
eαeff(λ,T )W (1−RAl) n2Si(λ, T ) Tf
e2αeff(λ,T )W n2Si(λ, T )− n2Si(λ, T )RAl +RAl Tf
. (2.13)
The angle-averaged effective absorption coefficient αeff (λ,T) is defined in [52] by
e−αeff(λ,T )W = 2
∫ pi/2
0
sin(ϑ) cos(ϑ)e−αSi(λ,T )Wdϑ. (2.14)
The spectral emissivity ελ(λ,T) is calculated (see Eq. (2.4)) by
ελ(λ, T ) = ASi(λ, T ) + AAl(λ, T ). (2.15)
At high carrier concentrations, which occur in highly doped silicon or at high tempera-
tures, the free carriers change the refraction index nSi(λ,T) and the absorption coefficient
αSi(λ,T) of silicon [25, 53, 54]. In the following the impact of the free carrier absorption
(FCA) on the optical parameters of silicon is discussed.
A typical upper limit of base doping in silicon solar cells is NA = 3×1016 cm−3. We thus
consider doping densities of up to NA = 3×1016 cm−3 at a maximum temperature of T =
800 K. According to Refs. [55–57] the refraction index is not significantly changing in this
range. In the following the values of nSi(λ) of intrinsic silicon given in Ref. [58] are thus
used. In order to determine the impact of the FCA on the absorption coefficient we use
the parameterization
αFCA =
q3λ2
4pi2ε0c3nSi(λ)
(
n
m∗nµn(n, T )
+
p
m∗pµp(p, T )
)
(2.16)
that is introduced in Refs. [52–54], where q = 1.6×1019 C is the elementary charge, n and
p are the carrier densities of electrons and holes, respectively, ε0 = 8.85×1012 C/(V m) is
the vacuum permittivity, c = 3×108 m/s the speed of light in vacuum, mn* = 2.3×10−31
kg and mp* = 3.3×10−31 kg are the effective electron and hole mass, respectively, and
µn(n,T) and µp(p,T) are the carrier mobilities of electrons and holes, respectively. The
dependence of the mobility on doping density and temperature is taken into account by
using the mobility model presented by Klaassen [59, 60]. The temperature dependence of
the intrinsic carrier concentration
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ni =
√
NcNv
(
Eg
kT
)
(2.17)
is also taken into account, which is given in Ref [61], where Nc and Nv are the temperature-
dependent effective densities of states in the conduction and valence band, respectively, Eg
= 1.12 eV is the bandgap of silicon, and k = 8.6×105 eV/K is the Boltzmann constant.
Using Equations (2.12) to (2.17) the spectral absorption of a 300 µm-thick, metallized wafer
with a doping density of NA = 3×1016 cm−3 at a temperature of T = 800 K is calculated.
The absorption which is calculated by taking the FCA into account is in excellent agree-
ment with the absorption, which is calculated using the optical parameters of intrinsic
silicon at 300 K given in Ref. [61]. Thus, the free carrier absorption for doping densities up
to NA = 3×1016 cm−3 and for temperatures up to 800 K and thus intrinsic carrier concen-
trations of ∼ 1×1017 cm−3 is ignored in the emissivity model and the optical parameters
of intrinsic silicon at 300 K are used.
Figure 2.6.: Spectral specific radiation of a black body and spectral emissivity
of a 200 µm-thick metallized planar silicon wafer. The solid lines represent the
radiation, which is strongly increasing with increasing temperature according to
Planck’s law (Eq. (2.5)). The dotted line represents the emissivity of the Al
layer. The emissivity of the silicon (dashed line) is dominant at sub-band gap
wavelengths. The total emissivity (dashed-dotted) of the metallized planar wafer
(Tf = 0.7) in the wavelength range of 1 to 20 µm is ελ = 0.61.
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Please note that we consider the total emissvity of a metallized wafer and that the FCA
might have an influence on the emissivity of a bare silicon wafer with a doping density
of NA = 3×1016 cm−3 at a temperature of T = 800 K. Figure 2.6 shows the calculated
spectral emissivity ελ(λ) of a metallized silicon wafer in the wavelength range of 300 nm
to 20 µm and for temperatures up to 800 K. The emissivities of the silicon wafer and of
the Al layer are also shown. According to Eq. (2.4) the emissivity model gives ε(T) = 0.61
for a metallized planar and ε(T) = 0.77 for a metallized textured wafer in the temperature
range from 300 K to 800 K.
Reflected heat radiation
The heat flux jrad(T) (see Eq. (2.3)) reduces the wafer temperature. Nevertheless, a sig-
nificant part of the radiated heat is reflected from the deposition chamber and re-absorbed
by the wafer. This heat flux
jref(T) = R jrad(T) (2.18)
is accounted for in the boundary conditions by reducing the wafer emissivity (see Eq. (2.4))
by (1-R), which leads to an effective emissivity εeff(T) = (1-R) ε(T).
2.3.3. Two-dimensional finite-element simulation
The two-dimensional differential Equation (2.1) of heat conduction in the x-y-plane of
the silicon wafer has time-varying boundary conditions (2.2), (2.3), and (2.18). Such
partial differential equations can only be solved analytically in special cases. The standard
procedure is to use a numerical approximation. In this work the finite-element partial
differential equation solver COMSOL version 3.5a is used to simulate the wafer temperature
T(x,y).
The solid line in Fig. 2.7 shows the simulated temperature of a textured, 130 µm-thick
Cz-Si wafer during deposition of a 2 µm-thick Al layer (see also Fig. 2.3). The images
in Fig. 2.7 show the temperature distribution in the silicon wafer during the deposition
process. Due to the high thermal conductivity of silicon the temperature gradient in vertical
direction of the 130 µm-thick wafer is negligible. We observe a maximum temperature
difference in horizontal direction of 134 K at a fixed time. The heat conduction within the
wafer causes different peak temperatures on the upstream edge and on the downstream
edge of the wafer in direction of sample flow. When the deposition starts on the upstream
edge, heat is conducted to the downstream edge of the wafer and leads to an elevated
temperature. This leads to higher peak temperatures of the downstream edge of the wafer
during the Al deposition. The deposition of a 2 µm-thick Al layer onto a 130 µm-thick,
textured wafer leads to simulated peak temperatures of 518 K (upstream) and of 553 K
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Figure 2.7.: Simulated temperature of a 130 µm-thick, textured, Cz-Si wafer
during deposition of a 2 µm-thick Al layer. The images show the temperature of
the wafer at certain times. Due to the high ratio of wafer length to wafer thickness
only the temperature gradient in direction of wafer length is visible.
(downstream). This difference is also observed in temperature measurements. In this
work simulated and measured peak temperatures of the downstream edge of the wafer are
presented since the maximum peak temperature of the wafer is of interest.
2.4. Comparison of measured and simulated temperatures
Figure 2.8 shows measured and simulated temperatures of a 130 µm-thick Cz-Si wafer
during the deposition of a 2 µm-thick Al layer. The symbols represent the measured
temperature of a wafer with textured front side. The solid lines represent the temperatures,
which are simulated with reflectivities R (see Eq. (2.18)) of 0, 0.3, 0.5, and 0.7. We use
this to fit the reflectivity of the chamber. R = 0.5 reproduces the measured temperatures
with the highest accuracy. In the following we thus use effective emissivities of εeff(T) = 0.5
ε(T), which results in εeff = 0.305 for a metallized planar and εeff = 0.385 for a metallized
textured wafer in the temperature range from 300 to 800 K. The solid lines in Figs. 2.1-2.3
represent the simulated temperatures of the deposition processes shown in Table 2.1. The
measured wafer temperatures of the processes 1-4 increase in the first 3 seconds by (13.7 ±
6.2) K whereas the simulated increase in temperature is (68.7 ± 28.3) K. This difference is
caused by the heat radiation from the boron nitride boats before the deposition starts and
when the wafer rear side is not yet covered with an Al layer of high reflectivity. This effect
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Figure 2.8.: Measured and simulated temperatures of a 130 µm-thick Cz-Si wafer
during deposition of a 2 µm-thick Al layer. The symbols represent the measured
temperature of a textured wafer. The solid lines represent simulated temperatures
with various reflectivities R of the chamber.
is not considered in our simulation. Nevertheless, measured and simulated temperatures
agree within 10% at all times and the measured and simulated peak temperatures agree
within 3%. Table 2.2 summarizes the measured and simulated peak temperatures.
Table 2.2.
Measured and simulated peak temperatures Tpeak during deposition
for the different processes according to Table 2.1.
Process Wafer thickness Al layer Measured peak Simulated peak
W [µm] thickness d [µm] temperature Tpeak [K] temperature Tpeak [K]
1 180 5 701 ± 14 707
2 130 2 559 ± 12 559
3 130 (textured) 2 539 ± 13 553
4 180 2 482 ± 11 497
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2.5. Temperature limits
Typically, solar cells have a maximum temperature they withstand since high temperatures
may have a detrimental impact on relevant parameters such as the quality of passivation
layers, wafer bow, or spiking. In opposite, other applications require high temperatures.
For example the formation of aluminum doped p+-type regions needs temperatures above
the eutectic temperature of the Al-Si system of 850 K. Thus, it is necessary to adapt the
evaporation process to the specific solar cell. In this Section, based on theoretical con-
siderations, various evaporation processes are presented, which have various temperature
limits.
2.5.1. Reducing the wafer temperature during evaporation
Specific solar cell types such as back contact cells require Al layers of up to 20 µm thick-
ness [62]. The deposition of thicker Al layers leads to increased wafer temperatures during
the process (see Fig. 2.2). Using thinner silicon wafers also leads to increased wafer temper-
atures during evaporation (see Fig. 2.1). Elevated temperatures may have a detrimental
impact on relevant cell parameters. In the following various processes that resulted in
a 20 µm-thick Al layer are described and it is shown that by choosing optimum deposi-
tion parameters the wafer temperature is significantly reduced. Table 2.3 summarizes the
deposition parameters. Processes 1 and 2 feature the measured distribution of the local
static deposition rate shown in Fig. 2.9 (squares). Process 1 is a single deposition process
whereas process 2 represents a multi pass process, simulating a deposition system with
various deposition chambers, where the 20 µm-thick Al layer is applied in 4 depositions of
5 µm each. Process 3 features a constant static deposition rate of 225 nm/s on the coating
area of width l = 37 cm shown in Fig. 2.9 (solid line). In practice, this constant static
deposition rate might be realized by two Al wires that are steered onto the evaporation
Table 2.3.
Number of deposition chambers, tray speed vtray, and maximum static
deposition rate rs,max. The dynamic deposition rate is rdyn = 5
µm×m/min and the deposited Al layer thickness is d = 20 µm×m/min.
Process Number of Tray speed Maximum static deposition
deposition vtray [m/min] rate rs,max [nm/s]
1 1 0.25 445
2 4 1 445
3 1 0.25 225
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Figure 2.9.: Local distribution of the static deposition rate rs(x) in the deposition
chamber. The dynamic deposition rate rdyn of both processes is 5 µm×m/min. The
width l of the coating area for the measured process (squares) in direction of sample
flow is determined to be (35 ± 2) cm with a maximum static deposition rate rs,max
in the center of the boats of (445 ± 45) nm/s. The optimized process features a
constant static deposition rate of 225 nm/s on the coating area of width l = 37
cm.
boat or by two evaporation boats that are positioned at a certain distance in x-direction
(see Fig. 1.5). Then, the optimized static deposition rate would result from the superpo-
sition of the two single distributions.
Multi deposition process
First, we consider the single deposition process 1 and the multi pass process 2. Figure 2.10
shows the simulated temperature of textured, 180 µm-thick wafers during the deposition
of a 20 µm-thick Al layer with the processes 1 and 2 from Table 2.3. The deposition of
the aluminum by process 1 leads to a peak temperature of 876 K (solid green line). This
temperature is probably not acceptable in solar cell production [63]. Process 2 leads to
acceptable wafer temperatures of up to 720 K (solid blue line) and has a 4 times higher
tray speed and thus throughput. However, a deposition system with 4 deposition chambers
results in a higher foot print and invest.
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Figure 2.10.: Temperatures of textured, 180 µm-thick Cz-Si wafers during depo-
sition of a 20 µm-thick Al layer at rdyn = 5 µm×m/min by different processes.
Processes 1 and 3 are single deposition processes whereas process 2 represents a
multi pass process, simulating a deposition system with various deposition cham-
bers. Processes 1 and 3 have different distributions of static deposition rates.
Optimized static deposition rate
In this Section, the deposition process 3 (see Tab. 2.3) with a constant static deposition
rate of 225 nm/s on the coating area of width l = 37 cm is considered. Similar to process
1 process 3 features a dynamic deposition rate of 5 µm×m/min and is a single deposition
process. Thus it would result in the same throughput of processed solar cells per time.
Figure 2.10 shows the simulated temperature of a textured, 180 µm-thick wafer during
the deposition of a 20 µm-thick Al layer using process 3, resulting in a peak temperature of
749 K. For explaining the different peak temperatures of process 1 and 3 we define a local
upper temperature limit Tlim, which is reached when jdep (x) = jrad (x) - jref (x). Equations
(2.2), (2.3), and (2.18) thus yield the upper temperature limit
Tlim =
4
√
∆HAlρAlrs,max
εeff(T )σ
(2.19)
for the local wafer temperature during in-line evaporation. According to Eq. (2.19) only
the maximum static deposition rate rs,max and the effective emissivity εeff define Tlim.
Please note that Eq. (2.19) only applies at negligible heat conduction within x-direction
of the wafer. Tlim thus defines the maximum possible temperature during the deposition
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process. The upper temperature limit Tlim is 887 K for process 1 and 749 K for process 3.
Thus, choosing the distribution of the local static deposition rate of process 3 reduces the
maximum possible temperature by 138 K at fixed throughput.
Minimized reflectivity of chamber
Reducing the reflectivity R of the chamber reduces the heat flux to the wafer and thus
the wafer temperature during the Al deposition process. In the following it is assumed
that the reflectivity of the chamber might be reduced to zero. In practice, the reflectivity
of the chamber might be reduced by adding textured (rough) sheets to the evaporation
chamber. The effective emissivity εeff = (1-R) ε of a textured wafer thus increases to εeff
= 0.77. Figure 2.11 shows the temperature of 180 µm-thick textured wafers during Al
depositions using processes 1 to 3 from Table 2.3 with R = 0. The peak temperatures are
740 K (process 1), 642 K (process 2), and 636 K (process 3). Reducing the reflectivity
from 50% to 0% thus significantly reduces the peak temperatures by 136 K (1), 78 K (2),
and 113 K (3), respectively. Combining the optimized static deposition rate (process 3)
with the reduced reflectivity results in temperatures below 700 K that have promise to be
acceptable for back contact solar cells [63].
Figure 2.11.: Temperatures of textured, 180 µm-thick Cz-Si wafers during depo-
sition of a 20 µm-thick Al layer at rdyn = 5 µm×m/min by different processes.
Processes 1 and 3 are single deposition process whereas process 2 represents a
multi pass process, simulating a deposition system with various deposition cham-
bers. Processes 1 and 3 have different distributions of static deposition rates. The
reflectivity of the chamber is assumed to be R=0.
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2.5.2. Increasing the wafer temperature during deposition
While some samples degrade when exposed to too high temperatures, some processes re-
quire high temperatures. For example, the formation of highly aluminum-doped silicon
(Al-p+) regions requires temperatures above the eutectic temperature of the Al-Si system
of 850 K. This work also examines the formation of Al-p+ regions by in-line high-rate
evaporation of aluminum (see Chapter 5). We find that temperatures above 1050 K are
required for the formation of a closed Al-p+ region and that a minimum Al layer thickness
of 20 µm is necessary to achieve these temperatures. However, the deposition of thick Al
layers does not seem to be cost-effective, since thick Al layers lead to increased costs of the
consumables and they also result in a reduced throughput of the in-line deposition system.
Using thinner silicon wafers and / or heating the wafers prior to deposition might reduce
the Al layer thickness, which is required for the formation of aluminum-doped silicon (Al-
p+) regions. Figure 2.12 shows the aluminum layer thickness, which is required to obtain
a wafer temperature of T = 1050 K as a function of the wafer thickness W. Reducing the
wafer thickness from 270 µm to 100 µm reduces the required Al layer thickness from 28 µm
to 10 µm. In addition, the wafer temperature before Al deposition could be increased by
integrating a heater into the deposition system and thus the required amount of aluminum
could further be reduced. For example, heating the wafers to 800 K reduces the required
amount of aluminum that is necessary for achieving temperatures of 1050 K by factor 2.
Figure 2.12.: Al layer thickness required to obtain a substrate temperature T of
1050 K as a function of the wafer thickness W, calculated for a starting tem-
perature of 300 K (blue line) and 800 K (green line), respectively. The dynamic
deposition rate is rdyn = 20 µm×m/min.
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2.6. Chapter summary
The present Chapter dealt with the temperature of silicon wafers during in-line high-rate
evaporation of aluminum. The temperatures were experimentally found to depend on
the wafer thickness W, the aluminum layer thickness d, and on the wafer emissivity ε.
Depending on the investigated deposition parameters the investigated wafer temperatures
are in a wide range of 497 K to 1050 K. The heat-flows during deposition could be shown to
be reducible to the contributions of: (i) the enthalpy of deposition, (ii) the heat radiation of
the wafer’s front side, and (iii) the reflected heat flow from the chamber. Two-dimensional
finite-element simulations that are based on these heat flows reproduce the measured peak
temperatures with an accuracy of 97%. The simulation of the wafer temperature during
in-line evaporation enables the optimization of the deposition parameters regarding low or
high temperatures with respect to process requirements.

3. Bow after aluminum deposition
This Chapter presents the bow of silicon wafers after in-line high-rate evaporation of alu-
minum. In order to achieve a high throughput high deposition rates are necessary. The
previous Chapter showed that these high rates are inevitably leading to elevated wafer
temperatures due to the enthalpy of deposition. The different thermal expansions of the
silicon substrate and the aluminum layer build up thermo mechanical stresses that lead
to a bending of the solar cell after cooling down to room temperature [64–67]. This wafer
bow represents an issue in wafer handling and module assembly [67] and may result in
cracks and thus reduced module power output [68]. It is therefore necessary to optimize
the in-line evaporation process with regard to the wafer bow.
3.1. Sample preparation and bow measurement
For the experiments 156 × 156 mm2, full-square, single-crystalline, (1 0 0)-oriented and
240 µm-thick p-type Czochralski grown silicon wafers with a resistivity of 1.9 Ω cm are
used. By varying the etching time in a KOH solution the wafers are thinned to 130 µm,
150 µm, 170 µm, 190 µm, 210 µm, and 230 µm. From the wafers with edge length b = 156
mm we cut wafers of edge lengths 125 mm and 100 mm having thickness values from 130
µm to 230 µm. The reduction of the edge lengths is done by an infrared disc laser with
a wavelength of 1030 nm and a pulse length of 1 µs. Subsequently, we deposit Al layers
of thickness d = 2 µm, 5µm, 10 µm, and 15 µm-thick on the silicon wafers at a dynamic
deposition rate of rdyn = 5 µm×m/min. Table 3.1 summarizes the deposition processes.
Figure 3.1.: Sketch of a silicon wafer of thickness W contacted with an aluminum
layer of thickness d. The stress-free wafer edge length is b. The dashed line
represents the neutral axis. The bowing is represented by δ, the deflection from
the neutral axis to the plane connecting the wafer edges.
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Table 3.1.
Wafer thickness W, Al layer thickness d, wafer edge length b, and
simulated peak temperature Tpeak of the deposition processes. The
dynamic deposition rate of all processes is rdyn = 5 µm×m/min. The
variation in Al layer thickness d is achieved by choosing various tray
speeds vtray.
Process 6 wafer thickness Wafer edge Aluminum layer
values W [µm] length b [mm] thickness d [µm]
1 130 to 230 156 2
2 130 to 230 100, 125, 156 5
3 130 to 230 100, 125, 156 10
4 130 to 230 100, 125, 156 15
Directly after the deposition of the Al layers we measure the bow δ. The wafer bow is
defined as the deflection from the neutral axis to the plane connecting the wafer edges, as
shown in Fig 3.1. For the bow measurement the wafers stand upright on millimeter paper.
The upright position of the wafers reduces the influence of gravity on the measurement.
We estimate the error of the measured bow to be 0.5 mm.
In order to investigate the wafer bow as a function of the temperature during thermal
cycling tests we use the digital image correlation technique (DIC) with a stereo-camera
system [69]. This method requires a random speckle pattern on the inspected surface,
which we apply to the Al layers with spray paint. Stereo-images of these patterns allow
the calculation of 3-dimensional representations of the surfaces and thus of the wafer bow.
The metallized wafers are placed in a climate chamber in an upright position parallel
to the window of the climate chamber and thermocouples are attached to both wafer
sides. The wafers are heated in the climate chamber to temperatures of 373 K and then
cooled down to 253 K. The heating- and cooling rates are 0.25 K per minute. The wafer
side that features the aluminum layer faces the window so that the speckled surfaces are
visible from outside the chamber and the measurement region is illuminated by a cold light
source. Two charge-coupled device (CCD) cameras mounted outside the climate chamber
simultaneously take pictures of the speckled surface of the wafers. Both images are then
correlated by a computer algorithm and the wafer bow δ as a function of temperature is
continuously measured using the image correlation. A more detailed description of the
method can be found in Refs. [69–71].
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3.2. Temperature during aluminum deposition
The wafer bow occurs due to the difference in thermal expansion and due to the ele-
vated substrate temperatures during the deposition. Thus the deposition temperature is
of interest. We simulate the wafer temperature during the deposition process using the
two-dimensional finite-element simulation tool from Chapter 2.
Figure 3.2 shows the simulated peak temperatures Tpeak of Si wafers during Al deposition
with all processes from Tab. 3.1 as a function of the ratio of the Al layer thickness d to the
wafer thickness W for wafer edge lengths of b = 156 mm. The peak temperatures increase
with increasing ratio of Al layer thickness d to wafer thickness W. The upper temperature
limit for large d/W is apparent. This limit is reached if equilibrium of the heat flows caused
by deposition and radiation is established (see Equation 2.19). Reducing the edge length
from b = 156 mm to b = 100 mm changes the wafer temperature by less than 2 K. In the
following we thus only simulate temperatures of wafers with edge length 156 mm.
When the deposition starts at the upstream edge of the wafer heat is conducted to the
downstream edge, which is not yet covered with aluminum. This heat conduction leads to
higher peak temperatures at the downstream edge, as shown in Fig. 3.2. In the following
we consider both temperatures, from upstream and downstream edge of the wafer, as lower
and upper limits of the wafer temperature and use this temperatures for the calculation of
the upper and lower limit of the wafer bow.
Figure 3.2.: Simulated peak temperatures during Al deposition as a function of the
ratio of Al layer thickness d to wafer thickness W. The data represent all processes
shown in Tab. 3.1. The squares represent temperatures of the upstream edge of
the wafer, which is first coated with an Al layer during the in-line evaporation
process. The circles represent temperatures of the downstream edge of the wafer.
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3.3. Experimental results and modeling of the wafer bow
The elastic bending of a thin layer of thickness d on a thick substrate of thickness W
depends linearly on the square of the edge length b2, the Al layer thickness d, and the
inverse square of the wafer thickness W2 [72–76]. Figure 3.3 shows the measured wafer
bow as a function of b2 d / W2. The full triangles represent the measured bow data of all
depositions according to Tab. 3.1. We fit the measured bow data with the least square
method using a linear regression(
δ
m
)
= 6.6× 10−4
(
b2dW−2
m
)
, (3.1)
which is shown as a solid line in Fig 3.3. Using the root mean square method we determine
the standard deviation of the linear fit and the measured data to be 0.47 mm, a value
that is similar to the error of the bow measurement. The most promising application of an
in-line high-rate evaporation system for contacting silicon solar cells is the deposition of 2
µm-thick Al layers onto the rear side of ∼ 150 µm-thick silicon solar cells with edge length
156 mm [11]. This process leads to a wafer bow of (1 ± 0.5) mm and is thus tolerable for
the module assembly.
Figure 3.3.: Measured bow of silicon wafers as a function of the square of the edge
length b2, the Al layer thickness d, and the inverse square of the wafer thickness
W2. The solid line represents a linear fit to the measured data using Eq. (3.1)
and equals Eq. (3.2) when assuming a constant temperature difference of 79 K.
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As a first approximation for understanding the measured bow we assume the Al layer of
thickness d to consist of various homogeneous sublayers of aluminum of thicknesses di, which
are deposited at different temperatures Ti. The first sublayer of thickness d1 is deposited
at room temperature T0 onto the wafer. The deposition leads to an increase in wafer
temperature from T0 to T1. Afterwards, the second sublayer of thickness d2 is deposited at
T1, leading to an elevated temperature T2. We assume each of these sublayers to be free of
stress after being deposited. After the deposition of the full layer, the temperature decreases
to room temperature T0 = 300 K. In Ref. [72] the elastic deformation of multilayers, which
are deposited at various temperatures Ti on a substrate, is derived. The wafer bow
δ =
3
4
αAl − αSi
ESi/EAl
b2
W 2
n∑
i=1
di(Ti−1 − T0) (3.2)
depends on the edge length b, on the wafer thickness W, the thermal expansion coefficients
αAl and αSi of Al and Si, respectively, and on Young’s Moduli EAl and ESi of Al and Si,
respectively. We use the coefficients of thermal expansion [77–79] and Young’s Moduli [80,
81] of aluminum and silicon given in the literature. Table 3.2 summarizes the parameters
of the CTEs and of Young’s Moduli.
Table 3.2.
Coefficients of thermal expansion α at room temperature and
Young’s Moduli E of aluminum and silicon taken from Refs. [77–81].
Material Coeffcient of thermal expansion Young’s Modulus
α [10−6K−1] E [GPa]
Aluminum 23 70
Silicon 2.6 129.5
Figure 3.4 shows the wafer bow as a function of b2 d / W2 calculated with Eq.(3.2) and
with the simulated temperatures Ti at layer thickness d
∗ =
i∑
j=1
dj . The open triangles
represent the wafer bow of the upstream edge of the wafer. The open circles represent the
wafer bow, which is calculated with the higher temperatures Ti at the downstream edge
of the wafer. The solid line represents the linear fit to the measured bow data (see Fig.
3.3). The temperatures from the upstream and downstream edges of the wafer represent
upper and lower limits of the wafer temperature and thus also upper and lower limits of
the wafer bow. We observe a notable difference between the theoretical and experimental
data, where the elastic theory significantly overestimates the bow. This suggest that the
bow can not be explained by the elastic theory.
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Figure 3.4.: Bow of silicon wafers as a function of the square of the edge length
b2, the Al layer thickness d, and the inverse square of the wafer thickness W2.
The solid line represents a linear fit to the measured data using Eq. (3.1) and
equals Eq. (3.2) when assuming a constant temperature difference of 79 K. The
open symbols represent the calculated wafer bow taking into account the simulated
peak temperatures of upstream (squares) and of downstream edge (circles) of the
wafer.
Huster investigated the wafer bow after applying screen-printed contacts and found that,
similar to our investigations, the elastic theory overestimates the measured wafer bow by
a factor 50 [66]. He explained the smaller bending with plastic deformation in the screen-
printed Al paste. According to the elasto-plastic theory the wafer starts bending fully
elastically upon the first decrease in temperature from the stress-free deposition tempera-
ture until the tensile stress in the Al layer reaches the yield stress. Once this stress limit
is reached the plastic deformation starts [82]. As the temperature decreases down to room
temperature, the plastic deformation results in no further bow as the Al layer cannot build
up stresses above the yield stress. Thus, the bow formation does not depend on the process
temperature but only on the stress limit of the aluminum paste.
Surprisingly, Eq. (3.2) becomes Eq. (3.1) when Ti-1 - T0 = 79 K. This indicates that,
similar to the screen-printed contacts, a plastic deformation takes place in the Al layer and
that the stress limit is reached after the first 79 K in temperature decrease. In order to
measure the plastic deformation we perform thermal cycling tests. Figure 3.5 shows the
wafer bow of a 190 µm-thick wafer with edge length 125 mm and an Al layer thickness of
5 µm measured by DIC as a function of temperature during a thermal cycling test.
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Figure 3.5.: Wafer bow δ of a 190 µm-thick Si wafer that features a 5 µm-thick
Al layer as a function of the temperature during thermal cycling. The wafer is
heated up to 373 K, then cooled down to 253 K, and again heated up to 300 K.
The different thermal expansion of the silicon wafer and the aluminum layer build
up thermo mechanical stresses that lead to the bending.
A positive bow δ represents a tensile stress in the Al layer, whereas a negative bow refers
to compressive stress in the Al layer. The thermal cycling starts at room temperature and
first the wafers are heated up. The different thermal expansion of Al and Si leads to a
decrease of wafer bow until the compressive stress in the Al layer reaches the yield stress
at the temperature T1 ≈ 354 K (see Fig. 3.5). Once this stress limit is reached the plastic
deformation starts and does not result in a further bow.
During cooling down the wafer bow equals zero at the temperature T2 ≈ 345 K and
further increases until the tensile stress in the Al layer reaches the yield stress at the
temperature T3 ≈ 295 K and plastic deformation starts. The difference T3 - T2 gives the
temperature difference between the stress-free state and the state where the yield stress
is reached. We perform cycling tests for 21 wafers with ratios b2d/W2 of 1.4 to 21 and
determine the difference of the temperatures T3 and T2 in average to be (64 ± 9) K. This
value is similar to the value of ∆T = 79 K that we have to use in Eq. (3.2) to reproduce the
experiments. Both experiments thus show that the wafer starts bending fully elastically
upon the first ∼ 70 K in temperature decrease and that a further decrease in temperature
results in plastic deformation of the Al layer.
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3.4. Chapter summary
In this Chapter a comprehensive study of the wafer bow after in-line high-rate evaporation
was presented for the first time. The Al layer thickness d, the wafer thickness W, and
the wafer edge length b were varied over a broad range, revealing that the actual bow
is lower than what would be expected according to the elastic theory. The lower bow is
explained with plastic deformation in the Al layer. Due to the plastic deformation only
the first ∼ 70 K in temperature decrease result in a bow formation and higher substrate
temperatures during deposition are thus not critical with regard to the wafer bow. The
most promising application for contacting silicon solar cells is the deposition of 2 µm-thick
Al layers onto the rear side of ∼ 150 µm-thick silicon solar cells with edge length 156
mm [11]. This process leads to a wafer bow of (1 ± 0.5) mm and is thus tolerable for
the module assembly. Due to plastic deformation this bow might further be eliminated by
cooling down the wafers by ∼ 70 K and subsequent heating to room temperature.
4. Electrical properties of evaporated
aluminum contacts
This Chapter deals with the electrical properties of point contacts to p-type silicon wafers
and to boron-diffused p+-type Si layers that are prepared by in-line high-rate evaporation
of aluminum. Typically evaporation of aluminum is used for contacting passivated and lo-
cally contacted rear sides of silicon solar cells. The electrical properties saturation current
density J0 and contact resistivity ρc are the most important characteristics for understand-
ing the impact of the rear side aluminum layer on solar cell efficiency. In this Chapter
parameterizations of the saturation current densities J0 and of contact resistivities ρc of
aluminum layers to silicon will be presented. Also, the impact of evaporation on the passi-
vation quality of a stack consisting of Al2O3 / SiNx will be investigated and the activation
energy of the contact formation will be determined.
4.1. Surface recombination velocity and saturation current
density
4.1.1. Contacts to p-type base
Figure 4.1 shows the sample structure of a locally contacted silicon wafer. The sample is
used for determining both the saturation current density J0,cont of the contacts and the
contact resistivity ρc of the Al layers to the silicon substrates. The contacting scheme
consists of point contacts with various radii r and period lengths p. The surface recombi-
nation velocity (SRV) at the aluminum silicon interface is referred to as Scont and the SRV
of the passivated areas on the front side and between the contacts is referred to as Spas.
The area-averaged effective surface recombination velocity Seff of a metallized rear side is
extracted using the equation
1
τeff
=
1
τbulk
+
Spas
W
+
Seff
W
, (4.1)
where τ eff is the effective minority charge carrier lifetime, τbulk is the bulk lifetime, and
W is the wafer thickness [83]. Using Eq. (4.1) Spas is obtained on passivated symmetric
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Figure 4.1.: Schematic representation of a locally contacted silicon wafer. The
figure shows the local aluminum contacts with radius r and period length p.
samples, which do not feature any contact openings. It is assumed that the excess carrier
concentration ∆n is uniform throughout the base, which is not strictly valid for large
surface recombination velocities. Due to the given asymmetry between the front and the
rear side of the sample the emitter saturation current density tends to be underestimated
up to 10% in the worst-case scenario [83]. Using high-quality float-zone silicon wafers
the bulk lifetime τbulk of the substrate is Auger-limited and we use the parameterization
proposed by Kerr et al. [84]. The effective surface recombination velocity
Seff =
(
Rs − ρW
ρD
+
1
f Scont
)−1
+
Spas
1− f (4.2)
is analytically described by a theory introduced by Fischer [85] and depends on the base
series resistance Rs, the resistivity of the bulk ρ, the wafer thickness W, the minority
charge carrier diffusion coefficient D, the metallization area fraction f, and the surface
recombination velocities Spas between the contacts and Scont under the contacts.
The base series resistance
Rs = p
2 ρ
2pir
arctan
(
2W
r
)
+ ρW
(
1− e−W/p) (4.3)
of a point contact geometry is given in Ref. [86]. Using Eqs. (4.2) and (4.3) the recombi-
nation velocity under the contacts Scont is determined by fitting the measured Seff values
using Scont as the only fit parameter. The corresponding saturation current density follows
as [83]
J0 = q
n2i
NA
S, (4.4)
where q = 1.6×1019 C is the elementary charge, ni = 1×1010 cm−3 is the intrinsic carrier
concentration of silicon at 300 K [61], and NA is the doping concentration.
4.1. Surface recombination velocity and saturation current density 45
4.1.2. Contacts to boron-diffused p+-layers
Figure 4.2.: Schematic structure of a locally contacted wafer that features a
boron-diffused p+ layer. The figure shows a cross-section of the local aluminum
contacts with radius r.
Figure 4.2 shows the sample structure of a silicon wafer with a locally contacted boron-
diffused p+ layer. Again, Spas denotes the surface recombination velocity of the passivated
areas on the front side and between the contacts on the rear side of the wafers. Such
samples are used for determining both the saturation current density of the contacted area
and of the passivated area and to determine the contact resistivity. The saturation current
density J0,pas is obtained on passivated samples that do not feature any contact openings
by plotting the inverse effective lifetime 1/τ eff versus the excess carrier concentration ∆n
using the equation [83]
1
τeff
=
1
τbulk
+
Spas
W
+
J0 ∆n
qn2iW
. (4.5)
The surface recombination velocity Spas of the front side is obtained by lifetime mea-
surements on passivated symmetric wafers that do not feature a boron-diffused layer or
contact openings. Using Spas and J0,pas we extract the saturation current densities J0,cont
from samples that feature laser-contacted boron-diffused layers with an opening fraction f
by plotting the inverse effective lifetime 1/τ eff versus the excess carrier concentration ∆n
using the equation
1
τeff
=
1
τbulk
+
Spas
W
+
f J0,cont + (1− f) J0,pas ∆n
qn2iW
. (4.6)
Using area-averaged values implies the passivation layer between the contacts not to be
damaged. Thus, the saturation current densities of the contacted area might be overesti-
mated and the calculated J0,cont data obtained through this method consequently give an
upper limit of the saturation current density.
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4.2. Silicon sample preparation
4.2.1. Contacts to p-type base
For the contact resistivity- and saturation current density measurements asymmetric test
structures are fabricated. Both sides are passivated with a stack of plasma-assisted atomic-
layer-deposited (ALD) aluminum oxide (Al2O3) and plasma-enhanced chemical vapor-
deposited (PECVD) SiNx (see Fig. 4.1). The local contacts are prepared on one side
of the samples by local laser ablation of the dielectric stack and subsequent in-line Al de-
position. The wafers used in the experiments are (1 0 0)-oriented and 300 µm-thick p-type
float-zone silicon wafers of 0.5 Ω cm, 1.5 Ω cm, and 3.8 Ω cm resistivity, respectively. After
KOH etching and RCA cleaning the wafers are 270 µm-thick and we deposit on both wafer
sides a 10 nm-thick Al2O3 and a 90 nm-thick SiNx layer. The SiNx layer has a refraction
index of n = 2.05 at a wavelength of λ = 632 nm [87]. Afterwards, most of the samples
are annealed in a N2 environment for 15 min at 700 K. For the single sided laser contact
openings (LCOs) laser pulses of 8 to 9 picoseconds (ps) at a wavelength of 532 nm are
applied to the samples using a Nd:YVO4 laser [62]. We process various contact schemes
with different contact radii r and period lengths p. The variation in the point contact
radius r is obtained by a matrix of point contacts. We determine the contact area A of the
matrix contacts and the period length p via an optical microscope. The radius of a single
point contact is r = (17 ± 1) µm, whereas the larger contacts feature approximated radii
of 80 and 210 µm. Using the ATON 500 we deposit Al layers of 2 µm, 5 µm, and 10 µm
thickness at dynamic deposition rates of 1 µm×m/min, 2.9 µm×m/min, and 5 µm×m/min
on the locally opened dielectric layers with the processes shown in Table 4.1.
Table 4.1.
Dynamic deposition rate rdyn, tray speed vtray, Al layer thickness d.
The variation in Al layer thickness d is achieved by choosing various
tray speeds vtray.
Process Dynamic deposition rate Tray speed Aluminum layer thickness
rdyn [µm×m/min] vtray [m/min] d [µm]
1 1 0.5 2
2 2.9 0.7 2
3 5 2.5 2
4 5 1 5
5 5 0.5 10
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Subsequently, we deposit a 200 nm-thick silicon dioxide SiOx layer by means of physical
vapor deposition at a low temperature of T < 400 K on the aluminum layer using a
laboratory batch evaporation system (BAK EVO from Unaxis). Afterwards we ablate a
complementary finger structure of the PVD SiOx layer, again using the ps laser system,
and obtain the finger structure by etching in boiling 37% hydrochloric acid. The finger-
structure is used for the measurement of the contact resistivity by the transfer length
method. Afterwards the contacts are annealed for various times from 10 seconds to 20 hours
at temperatures from 473 K to 623 K. Each lifetime- and contact resistivity measurement
is done on three silicon samples and the standard deviation of the three measurements
defines the error bars presented in the following figures.
4.2.2. Contacts to boron-diffused p+-layers
For the contact resistivity- and lifetime measurements we fabricate asymmetric test struc-
tures where the passivated p+ layer is prepared on the rear side of the wafer and the other
surface of the sample is well passivated with a stack of Al2O3 and SiNx. For the sample
preparation we use single-crystalline, (1 0 0)-oriented and 300 µm-thick p-type float-zone
silicon wafers of 200 Ω cm resistivity. After RCA cleaning we deposit on the wafer front
side a diffusion barrier consisting of a 100 nm-thick SiNx layer with a refraction index
of n = 1.9. After another RCA cleaning the single-sided boron diffusions are done in an
industrial-type diffusion furnace from LPT Europe [88]. We perform three different diffu-
sion processes with different resulting sheet resistances of 23 Ω/, 66 Ω/, and 86 Ω/,
respectively. The diffusions feature an in-situ oxidation [89]. After the diffusions we re-
move the SiNx barrier layer and the boron silicate glass in a 40% solution of hydrofluoric
acid. After a following RCA cleaning we deposit on both wafer surfaces a 10 nm thick
Al2O3 layer and a 90 nm thick SiNx layer with a refraction index of n = 2.05, similar to
the previous Section. Afterwards, most of the samples are annealed in a N2 environment
for 15 min at 700 K.
Using the ps laser system (see Section 4.2.1) we apply LCOs to the boron-diffused lay-
ers. The contacting scheme consists of non-overlapping point contacts with a metallization
fraction of f = 0.7. The radius of the point contacts is r = (19 ± 1) µm. Using the
ATON 500 deposition system we deposit Al layers of 2 µm, 5 µm, and 10 µm thickness at
dynamic deposition rates of 1 µm×m/min, 2.9 µm×m/min, and 5 µm×m/min onto the
locally opened wafer surfaces using the processes shown in Table 4.1. Subsequently we
process an Al finger structure as described in Section 4.2.1.
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4.3. Measurement techniques
4.3.1. Dynamic infrared lifetime mapping
This Section is based on a description of the infrared lifetime measurement method given
in Refs. [90, 91]. Infrared lifetime mapping (ILM) was introduced by Bail et al. in 2000
as a fast, spatially resolved technique for measurements of the excess carrier lifetime in
silicon wafers [90]. The silicon wafer is mounted between a black body radiation source
and an infrared (IR) camera. The IR-camera is focused on the wafer. The black body
emits infrared radiation, which is absorbed and emitted by the wafer and is subsequently
detected by the IR-camera. The sample is illuminated with spatially and temporally con-
stant light of photon energy higher than the band-gap energy of silicon. Excess charge
carriers are generated and attenuate the IR radiation. Infrared images of the sample are
captured under both conditions, with the excitation turned on, and without excitation.
The signal difference between these images is caused by the free carrier absorption of the
excited charge carriers.
Using a suitable calibration procedure, the infrared signal is related to absolute carrier
densities ∆n. As the measurement is performed under steady-state conditions, the gener-
ation rate of charge carriers G and the recombination rate R are identical. The effective
carrier lifetime is given by τ eff = ∆n/G. In order to convert ∆n into τ eff, the generation
rate of charge carriers thus needs to be determined. For this purpose the short circuit
current of a calibrated reference solar cell is measured and a reasonable assumption on
the front side reflectivity of the silicon sample is made. As the calibration of the infrared
emission signal in absolute carrier densities depends critically on the optical properties
of the silicon sample, the usage of this method has been restricted to wafers with planar
surfaces so far [93,94].
In order to overcome this restriction, Ramspeck et al. proposed the dynamic infrared
lifetime mapping (dynILM) technique that transfers the data analysis into the time do-
main [91,95,96]. In contrast to the method of Bail, this technique uses the infrared emission
of the silicon wafer and not the absorption. The sample is illuminated with spatially con-
stant light of photon energy larger than the band-gap energy of silicon and the free carrier
emission of the excited charge carriers is detected using an IR camera. The measure-
ment principle of this technique is sketched in Fig. 4.3. Infrared images of the sample
are recorded directly after switching on/off the excitation source, as well as after steady-
state conditions have been established in the sample. The carrier lifetime is deduced in
an entirely analytical calculation without any further need for a calibration of the signal
amplitude [95, 96]. The dynILM technique further enables the measurement of absolute
effective lifetimes on metallized silicon samples [91, 97].
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Figure 4.3.: Schematic of the ILM measurement setup. Charge carriers are
generated in the sample by illumination with light, consisting of photons with
energies higher than the band-gap energy of silicon. The free carrier emission of
these excited charge carriers is detected using an infrared camera. Image taken
from Ref. [92].
4.3.2. Transfer-length-method
In this work the contact resistivity ρc of aluminum to silicon is determined using the transfer
length method (TLM) [19,98,99]. We thus prepare Al contact fingers of length l and width
w that feature various distances di from each other. Figure 4.4 shows a schematic of Al
fingers contacting a boron-diffused layer. We assume homogeneity of the contact resistivity
ρc and of the sheet resistance Rsh under the Al finger and further assume an exponential
decay of the current under the contact. Using the four-point probe method we measure on
this structure the total resistance [19]
R = Rsh
(
di
l
)
+ 2
(
lt
l
)
Rsh coth
(
w
lt
)
+Rcor (4.7)
Figure 4.4.: Cross-section of the sample structure, which is used for the TLM
measurement. The Al fingers contact a wafer that features a boron-diffused p+
layer. The fingers of width w feature various distances di from each other.
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between two Al fingers, where Rsh is the silicon sheet resistance, lt the transfer length
defined by
lt =
√
ρc
Rsh
, (4.8)
and Rcor is a correction term, which is usually neglected in Eq. (4.7) [19, 98, 99]. We
calculate Rcor by means of a network simulation using the SpiceGUI [100] and find Rcor =
(35 ± 6) mΩ. A more detailed description of the simulation will be presented elsewhere
[101]. By plotting the measured total resistance R versus the finger distance di we obtain
the contact resistance
Rc,TLM =
(
lt
l
)
Rsh coth
(
w
lt
)
−Rcor. (4.9)
The sheet resistance Rsh follows by the slope of this plot. Using the measured Rsh
and Eqs. (4.8) and (4.9) yields the contact resistivity ρc. An accurate determination
of the finger distance di is essential for the determination of the contact resistivity. We
determine di with a light-microscope with an accuracy of ± 10 µm and take this accuracy
into account when determining the error of the contact resistivity. Especially for small
contact resistivities below 10−3 Ω cm2 this leads to large error bars. We use the transfer
length method for determining both the contacts to lowly doped p-type Si wafers and to
highly doped boron-diffused p+ layers.
The TLM method was derived for contacts to thin diffused layers assuming only one-
dimensional current flow through the semiconductor [98,99]. When measuring the contact
resistivity of aluminum contacts to 300 µm-thick silicon wafers (contacts to p-type base)
this one-dimensional current flow might not be given and using the TLM method might
thus not be appropriate. We thus use two-dimensional finite-element simulations in order
to extract the contact resistivity. We find that the TLM method overestimates the contact
resistivity to p-type silicon wafers and determine a correction factor, which depends on
the contact resistivity and on the used geometries of the wafer and of the aluminum finger
structure. The contact resistivities to p-type silicon presented in this thesis are corrected
by this. The simulations also show that the TLM method yields the correct contact
resistivity when contacting boron-diffused p+-type layers. A more detailed description of
the simulation of the transfer length method will be presented elsewhere [101].
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4.4. Results and discussion
In this Section results of the recombination at point-contacted silicon surfaces and of the
contact resistivity are presented. Both, the recombination properties under the contacts
and in the passivated area between the contacts are presented. The presented results are
obtained with aluminum of a purity of 99.98%. However, using aluminum of purities of
99.999%, which is state of the art in laboratory batch evaporation systems, and of 99.7%
did not show a different behavior in investigations of lifetimes and contact resistivities.
4.4.1. Surface recombination velocity and saturation current density
Influence of Al deposition on Al2O3 / SiNx passivation stack
A stack consisting of aluminum oxide and silicon nitride is often used for the passiva-
tion of the rear side of locally contacted silicon solar cells [7, 34, 102–104]. Throughout
this work, a passivating stack consisting of a 10 nm-thick plasma-assisted atomic-layer-
deposited (ALD) aluminum oxide (Al2O3) and a 90 nm-thick plasma-enhanced chemical
vapor-deposited (PECVD) SiNx is investigated. The surface passivation of an ALD-Al2O3
layer is significantly improved by a post-deposition annealing step [7, 103, 105]. However,
if the thermal budget exceeds a certain amount, the passivation quality of an ALD-Al2O3
layer decreases [106]. The temperatures during the Al deposition or the deposition of
aluminum itself might have an impact on the surface passivation of the Al2O3 / SiNx
passivation stacks.
Figure 4.5 shows the measured surface recombination velocity Spas as a function of the
deposited aluminum layer thickness d for silicon wafers of 1.5 Ω cm resistivity. Both surfaces
of the wafers are passivated with an Al2O3 / SiNx passivation stack. The symbols in Fig.
4.5 (a) represent the Spas values of not-annealed samples whereas Fig. 4.5 (b) shows the
SRV of samples that are annealed for 15 minutes at 700 K prior to the Al deposition. The
not-annealed samples (see Fig. 4.5 (a)) feature a surface recombination velocity prior to
the aluminum depositions of (23 ± 5) cm/s. The SRV decreases with increasing Al layer
thickness to (1.9 ± 0.15) cm/s after the deposition of 20 µm-thick Al layers. The deposition
of thicker Al layers at a deposition rate of 20 µm×m/min leads to an increase of the SRV
of up to (8.2 ± 0.5) cm/s.
In contrast, the annealed samples feature a low surface recombination velocity of (2
± 0.2) cm/s prior to the Al deposition. The surface recombination velocity increases
with increasing Al layer thickness and thus with increasing wafer temperature during the
evaporation process. After the deposition of 40 µm at a dynamic deposition rate of 20
µm×m/min the SRV is (8.3 ± 0.7) cm/s. We assume that the observed dependences of
the surface recombination velocities on Al layer thickness are caused by the temperatures
during the Al depositions. In order to verify this assumption we set the peak temperatures,
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Figure 4.5.: Measured surface recombination velocity Spas of an Al2O3 / SiNx
passivation stack as a function of the deposited aluminum layer thickness d after
deposition at dynamic deposition rates of rdyn = 5 µm×m/min and of rdyn = 20
µm×m/min. (a) SRV of not-annealed and (b) of annealed (15 min at 700 K)
silicon wafers of 1.5 Ω cm resistivity.
which occur during the Al depositions of 2 to 20 µm-thick layers at a rate of 5 µm×m/min,
at a hot-plate and anneal the samples for the approximated deposition times. We observe a
similar behavior of the surface recombination velocity Spas of the samples that are annealed
on a hot-plate and of the samples that feature deposited Al layers and thus conclude that
the temperature during Al deposition causes the increase and decrease of SRV shown in
Fig. 4.5.
Contacts to p-type base
Figure 4.6 shows the measured surface recombination velocity Seff as a function of the
opening fraction f for LCOs of radii of 16 µm, 80 µm, and 210 µm on silicon wafers of 1.5 Ω
cm resistivity. The symbols represent both, the SRV Seff directly after laser ablation and
after the five Al deposition processes according to Table 4.1. The SRVs directly after laser
ablation are in excellent agreement to the values after the aluminum depositions within
the experimental error. This indicates that neither the surface recombination velocities
Spas between the contacts nor Scont under the contacts are influenced by the deposition
processes.
In the previous Section we have shown that the depositions of 2 µm, 5 µm, and 10
µm-thick Al layers (see Table 4.1) do not have a detrimental influence on the passivation
quality of a stack consisting of a 10 nm thick ALD-Al2O3 layer and a 90 nm thick PECVD-
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Figure 4.6.: Measured surface recombination velocity Seff as a function of the
opening fraction f of silicon wafers of 1.5 Ω cm resistivity. The symbols represent
both, the SRV Seff directly after laser ablation and after the five Al deposition
processes according to Table 4.1. Three opening radii of 16 µm, 80 µm, and 210
µm are applied. The SRVs increase with increasing opening fraction. Using Eqs.
(4.2) and (4.3) we calculate the SRVs, which are represented by the solid lines.
SiNx layer. Using Eqs. (4.2) and (4.3) we calculate the SRVs, which are represented by
the lines in Fig. 4.6. We determine the SRV of the contacts for all processes by a least
means square fit to be Scont = 2×105 cm/s. The lifetimes directly after laser ablation are
in accord to the values after the aluminum depositions within the experimental error. In
the following we thus only analyze measured lifetimes after the deposition of a 2 µm-thick
Al layer at a dynamic deposition rate of 5 µm×m/min.
The SRVs in Fig. 4.6 increase with increasing opening fraction. This is caused by the
high recombination velocity under the contacts compared to the SRV in the passivated
area between the contacts. The measured SRV values at a fixed opening fraction increase
with decreasing opening radius. Mu¨ller et al. [97] showed that this is mainly caused by a
transport limitation of the minority charge carriers to the contacts at large period lengths.
In the following we want to further investigate this limitation by diffusion and thus analyze
the silicon wafers of 3.8 Ω cm resistivity, since these wafers feature the highest minority
charge carrier diffusion coefficient D in our experimental study.
Figure 4.7 shows the measured surface recombination velocities Seff as a function of the
opening fraction f for LCOs of 17 µm radius on silicon wafers of 3.8 Ω cm resistivity. The
symbols represent the SRV Seff after the deposition of a 2 µm-thick Al layer at a dynamic
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Figure 4.7.: Measured surface recombination velocity Seff as a function of the
metallization fraction f of silicon wafers of 3.8 Ω cm resistivity (symbols). The
SRVs increase with increasing opening fraction. Using Eqs. (4.2) and (4.3) we
calculate for surface recombination velocities under the contacts of 104 - 107 cm/s
the effective rear SRVs, which are represented by the lines.
deposition rate of 5 µm×m/min. The lines represent the effective surface recombination
velocity, which is calculated using Eqs. (4.2) and (4.3) with contact SRVs of Scont = 10
4 -
107 cm/s. The velocity of 1×107 cm/s is approximately the thermal velocity of the minority
charge carriers and thus represents an upper limit of the surface recombination velocity.
Using Scont of 2×105 cm/s fits the measured SRVs best. However, assuming the thermal
velocity as Scont in Eq. (4.2) gives only about 10% higher Seff values and is thus within the
error bars of the measurement. An exact determination of Scont is thus not possible.
From Fischer’s Equation (4.2) it follows that the effective surface recombination velocity
does hardly depend on the contact recombination velocity, when Scont exceeds a certain
value. We thus define the diffusion limit Scont,limit by Seff(Scont,limit) = 0.9 Seff(10
7 cm/s). The
diffusion limit is almost independent from the base doping density. It is, when applying
LCOs with radius 17 µm, about 2×105 cm/s and in the case of larger opening radii of
210 µm about 3×104 cm/s. By applying smaller contacts larger Scont values can thus be
determined more precisely. However, analyzing our experimentally achieved SRVs of single
point contacts with 17 µm radius we find that the recombination is limited by the supply
of minority charge carriers to the contacts and that a precise determination of Scont is thus
not possible. As a consequence we conclude that Scont > Scont,limit and we thus present
Scont as the arithmetic mean of the diffusion limit Scont,limit as a lower limit and of the
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thermal velocity Sthermal = 10
7 cm/s as an upper limit. Using Eq. (4.4) we calculate the
corresponding J0,cont values.
Figure 4.8 shows the saturation current density versus the boron doping density of
contacted and passivated wafers of 0.5 Ω cm, 1.5 Ω cm, and 3.8 Ω cm resistivity. We
determine Scont and thus J0,cont as the arithmetic mean of the diffusion limit Scont,limit as a
lower limit and of the thermal velocity as an upper limit.
A fit using a power law to the saturation current density under the contacts gives(
J0,cont
fA/cm2
)
= 9× 1022
(
NA
cm−3
)−1.004
. (4.10)
A decrease of J0,cont with increasing boron doping density has already been reported
in the literature [97, 107, 108]. We determine the saturation current densities J0,pas of the
passivated area on symmetric samples and measure (10.6 ± 2.6) fA/cm2 for 0.5 Ω cm, (3.2
± 0.2) fA/cm2 for 1.5 Ω cm, and (25.6 ± 8.1) fA/cm2 for 3.8 Ω cm material. These are
excellent SRVs that allow for the fabrication of high efficient silicon solar cells [7, 103].
Figure 4.8.: Measured saturation current densities J0 of passivated and contacted
silicon wafers of resistivities of 0.5 Ω cm (NA = 3×1016 cm−3), 1.5 Ω cm (NA
= 1×1016 cm−3), and 3.8 Ω cm (NA = 4×1015 cm−3). The solid line represents
the diffusion limit when applying LCOs with radius 17 µm and the dashed line
represents the thermal limit.
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Contacts to boron-diffused layers
.
Figure 4.9.: Doping profile of the boron-diffused layers measured using the ECV
profiling technique. The diffusion processes feature an in-situ oxidation [89] and
thus low surface doping densities.
Figure 4.9 shows the doping profiles of the three different boron diffusions examined in
this work obtained by the electrochemical capacitance voltage (ECV) profiling technique
with the aid of a WEP CVP21 ECV profiler. We measure the lifetimes on the asymmetric
samples shown in Fig. 4.2 directly after laser ablation and after the five Al deposition
processes according to Tab. 4.1. Similar to the previous Section we do not observe any
dependence of the measured lifetimes on the Al deposition process. In the following we
thus only present saturation current densities that are measured after the deposition of a
2 µm-thick Al layer at a dynamic deposition rate of 5 µm×m m/min.
Figure 4.10 shows the measured J0 values of the passivated and of the contacted boron-
doped layers. The J0 of the contacted layers increases and the J0 of the passivated layers
decreases with increasing sheet resistance Rsh. This is similar to results obtained on diffused
layers that were presented in the literature by Kerr [109] and Cuevas [110]. We fit the
measured J0,cont data by (
J0,cont
fA/cm2
)
= 118.8
(
Rsh
Ω/
)0.452
. (4.11)
The increase in J0,cont with increasing sheet resistance Rsh results from the field effect
passivation associated with the gradient of the doping profile [110]. For a homogeneous
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Figure 4.10.: Measured saturation current densities J0 of passivated and of con-
tacted p+ layers of sheet resistances Rsh of 23 Ω/, 66 Ω/, and 86 Ω/. The
J0 of the contacted boron-doped layers increase with increasing sheet resistance,
whereas the saturation current densities of the passivated boron-doped layers de-
crease with increasing sheet resistance.
doping profile, analytical calculations predict J0,cont to depend on the inverse boron doping
density of the diffused boron-layer and thus to increase with increasing sheet resistance [3].
The decrease of the saturation current density J0,pas of passivated boron-diffused layers
with decreasing sheet resistance results from a reduced Auger recombination.
4.4.2. Contact resistivity
We determine the contact resistivity of Al layers to silicon for various aluminum layer
thicknesses d and surface doping densities NA after deposition with the processes shown in
Table 4.1. Figure 4.11 shows the measured contact resistivity of 2 µm-thick Al layers to
silicon of 1.5 Ω cm resistivity as a function of the dynamic deposition rate rdyn. The blue
squares represent the as-deposited contact resistivity and the green triangles represent the
contact resistivity after annealing the contacts for 1 minute at 623 K. The as-deposited
contact resistivity increases with increasing dynamic deposition rate from (2.5 ± 0.8) mΩ
cm2 after deposition at rdyn = 1 µm×m/min to (73.7 ± 5.4) mΩ cm2, when applying rdyn
= 5 µm×m/min.
Heinemeyer et al. showed in Ref. [41] that the wafer temperature during the deposition
of 2.5 µm-thick Al layers decreases with increasing dynamic deposition rate from 590 K
(rdyn = 1 µm×m/min) to 488 K (rdyn = 5 µm×m/min). We assume the difference in
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Figure 4.11.: Measured contact resistivity ρc of 2 µm-thick Al layers to boron-
doped silicon of 1.5 Ω cm resistivity as a function of the dynamic deposition rate
rdyn. The as-deposited contact resistivity (blue squares) increases with increasing
deposition rate. Annealing the contacts for 1 minutes at 623 K leads to contact
resistivities independent of the dynamic deposition rate.
as-deposited contact resistivity to be caused by this difference in wafer temperature during
the deposition. However, annealing the contacts for 1 minute at 623 K leads to a contact
resistivity of (2.4 ± 0.1) mΩ cm2, independent of the dynamic deposition rate. We thus
assume that the different as-deposited contact resistivities are only caused by the different
temperatures during the depositions and not by the dynamic deposition rate itself. The
static deposition rate in particular (see Fig. 1.6) does not have an impact on the contact
resistivity.
In order to investigate the impact of the Al layer thickness on the contact resistivity
we compare the processes 3 to 5 from Table 4.1 after deposition on silicon of 1.5 Ω cm
resistivity. The as-deposited contact resistivity decreases with increasing aluminum layer
thickness from (73.7 ± 5.4) mΩ cm2 (d = 2 µm) to (2.4 ± 1.0) mΩ cm2 (d = 10 µm). Again,
we assume the difference in as-deposited contact resistivity to be caused by the difference
in peak temperature during the aluminum deposition. The deposition of a 2 µm-thick
Al layer onto a 300 µm-thick Si wafer leads to a peak temperature of 425 K whereas the
deposition of a 10 µm-thick Al layer leads to a maximum temperature of 759 K (see Fig.
3.2). However, annealing the contacts for 1 minute at 623 K again reduces the contact
resistivity to (2.4 ± 0.3) mΩ cm2 independent on the Al layer thickness.
In the following we want to further investigate the impact of the temperature on the
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contact resistivity formation. We thus measure the contact resistivity of 2 µm-thick Al
layers to silicon of 0.5 and 3.8 Ω cm resistivity as a function of the annealing time for
three temperatures of 473 K, 523 K, and 573 K. The contact resistivity decreases with
increasing annealing time and reaches a minimum after a certain time. This time taken for
the contact resistivity to reach its minimum decreases rapidly with increasing temperature.
In the case of silicon of resistivity of 0.5 Ω cm the minimum is reached within 100 seconds
when annealing at 573 K and within 104 seconds when annealing at 473 K. Using lighter
doped silicon with a resistivity of 3.8 Ω cm further increases the times to reach the minimum
to 200 seconds (annealing at 573 K) and to 3×105 seconds (annealing at 473 K).
We use the Arrhenius equation in order to calculate the activation energy of the contact
formation from aluminum to silicon. The activation energy
EA = −kbT ln
(
K
A
)
(4.12)
depends on the Boltzmann constant kb = 8.6×10−5 eV/K, the temperature T, the reaction
rate coefficient K, and the frequency factor A. We assume an exponential decay of the
contact resistivity and determine the reaction rate coefficient K as the inverse time constant.
Figure 4.12 shows an Arrhenius plot of the reaction rate coefficient K as a function of the
inverse temperature 1/T.
Figure 4.12.: Reaction rate coefficient K as a function of the inverse temperature
in an Arrhenius plot. The calculated activation energy EA of the contact formation
of 2 µm-thick Al layers is determined to be EA = (1.06 ± 0.12) eV for silicon of
0.5 Ω cm resistivity and to be EA = (1.24 ± 0.2) eV for silicon of 3.8 Ω cm
resistivity.
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The fact that the data can be fitted with an Arrhenius plot indicates that the contact
formation of aluminum layers to silicon is a thermally activated process. To extract the
activation energy of the process, a least squares fit to the measured data in Fig. 4.12 is
carried out. We obtain an activation energy of EA = (1.06 ± 0.12) eV for silicon of 0.5 Ω
cm resistivity and of EA = (1.24 ± 0.2) eV for silicon of 3.8 Ω cm resistivity.
One might assume that the contact formation is associated with the diffusion of silicon
into the Al layer. The fact that the activation energy decreases with increasing doping
density might thus be interpreted by an enhanced diffusivity with increasing doping density
[111]. In literature the activation energy of the diffusion of silicon into evaporated Al layers
was determined to be EA = 0.79 eV [112]. The silicon samples, especially the doping of the
substrates, used by McCaldin are not further specified. He investigated the out diffusion
of silicon into Al layers through a contact opening of 80 µm diameter. This might result
in a lower activation energy since a larger amount of Al is available for the out diffusing
silicon in the case of point contacts compared with a full-area contact.
Figure 4.13 shows the contact resistivity ρc for various base doping densities NA of 4×1015
cm−3, 1×1016 cm−3, and 3×1016 cm−3 and surface doping densities of boron-diffused layers
of 1×1019 cm−3, 1.2×1019 cm−3, and 2.8×1019 cm−3.
Figure 4.13.: The squares represent the measured contact resistivity ρc of 2 µm-
thick Al layers to boron-doped silicon of various surface doping densities NA. The
contact resistivity decreases with increasing doping density. The solid line rep-
resents a fit to the measured ρc data using an empiric power law. The circles
represent measured contact resistivities from Ref. [19] and the dashed line repre-
sents data calculated with Eqs. (1.8) to (1.11).
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The squares represent our measured data. The contact resistivity decreases with increas-
ing surface doping density from (4 ± 2.8) mΩ cm2 to (0.151 ± 0.15) mΩ cm2. The error
bars follow by considering the error of the correction term Rcor and of the finger distance
di (see Section 4.3.2), respectively. We fit our measured data by an empiric power law and
obtain ( ρc
Ω cm2
)
= 427
(
NA
cm3
)−0.324
. (4.13)
The black circles in Fig. 4.13 represent the contact resistivity, which has been presented by
Schroder et al. [19]. The values are by 2 orders of magnitude lower than our values. This
might indicate that the TLM method is not appropriate for determining very low contact
resistivities. However, our measured data agree with the data from Schroder within the
error bars. The decrease of the contact resistivity with increasing surface doping density can
be explained by the theory of metal-semiconductor contacts. In Section 1.1 it was shown
that the barrier height and the barrier width decrease with increasing doping density, which
enables tunneling of carriers through the barrier and thus reduces the contact resistivity.
Using Eqs. (1.8) to (1.11) we calculate the contact resistivity, which is represented by the
dashed line in Fig. 4.13.
4.5. Chapter summary
This Chapter investigated the electrical properties of evaporated aluminum point contacts
to silicon. It was found that the recombination at aluminum contacts to B-doped p-type
Si wafers are limited by the supply of minority charge carriers. The measured J0,cont values
were fitted by (
J0,cont
fA/cm2
)
= 9× 1022
(
NA
cm−3
)−1.004
. (4.14)
The J0,cont values of contacted boron-diffused p
+-type layers were found to increase with
increasing sheet resistance Rsh according to(
J0,cont
fA/cm2
)
= 118.8
(
Rsh
Ω/
)0.452
. (4.15)
The contact resistivity of 2 µm-thick Al layers to silicon was found to decrease with
increasing doping density, yielding a fit of the form
( ρc
mΩ cm2
)
= 427
(
NA
cm−3
)−0.324
. (4.16)
By studying the contact resistivity as a function of annealing temperature, it was revealed
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that the contact formation is a thermally activated process with an activation energy of
EA = (1.06 ± 0.12) eV for silicon of 0.5 Ω cm resistivity and of EA = (1.24 ± 0.2) eV for
silicon of 3.8 Ω cm resistivity.
5. Formation of aluminum-doped silicon
regions
This Chapter presents the formation of aluminum-doped silicon regions by the in-line high-
rate evaporation of aluminum. Chapter 2 showed that the in-line high-rate evaporation
of aluminum on silicon wafers can lead to substrate temperatures well above 850 K. This
temperature represents the lowest temperature where the liquid and the two solid solutions
coexist and are in chemical equilibrium. During evaporation at temperatures above 850 K
a closed film of an Al-Si liquid forms at the Si surface. During cooling, the Al-Si liquid
starts to undercool and an epitaxially grown, aluminum-doped Si layer is formed (see also
Section 1.2).
Typically, the rear contact of industrial p-type silicon solar cell is formed in a screen-
printing process, where an Al paste is screen-printed on the Si wafer and subsequently fired
in a conveyor-belt furnace. The Al-p+ region is formed during the firing step and serves
as the back surface field, reducing the effective surface recombination velocity at the rear
side of the cell and thus increasing the solar cell efficiency. In this Chapter the formation
of Al-p+ layers by a single evaporation process without any further temperature treatment
is presented. Parts of this Chapter are published in Refs. [113,114].
5.1. Full-area aluminum-doped regions
5.1.1. Sample preparation
Figure 5.1.: Schematic structure of a FZ-Si wafer of 200 Ω cm resistivity. The
front side of the wafer is passivated with a SiNx layer. The Al layer is evaporated
on the rear side of the wafer.
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We use (1 0 0)-oriented and 270 µm thick p-type float-zone silicon (FZ-Si) wafers of 200
Ωcm resistivity. After KOH etching and RCA cleaning we deposit a 100 nm thick PECVD-
SiNx layer with a refraction index of n = 2.05 at a wavelength of λ = 632 nm on the front
side of the wafer [87]. Subsequently, we evaporate Al layers of 13, 20, and 28 µm thickness
at a dynamic deposition rate of rdyn = 20 µm×m/min. Figure 5.1 shows a schematic of the
sample structure. The process parameters are summarized in Table 5.1. We calculate the
wafer temperature during the processes from Table 5.1 using the two-dimensional finite-
element simulations from Chapter 2. Figure 5.2 shows the simulated substrate temperature
for three deposition processes with layer thicknesses d of 13 µm, 20 µm, and 28 µm. The
wafer temperature increases due to the enthalpy of deposition. The deposition of thicker
Al layers is thus leading to higher wafer temperatures. The deposition of 20 and of 28
µm-thick Al layers leads to wafer temperatures above the eutectic temperature of the Al-Si
system of 850 K. These conditions can lead to the formation of aluminum-doped Al-p+
region. Please note that phase changes are not considered in the simulation.
Figure 5.2.: Substrate temperature T during deposition of Al layers of different
thickness d (see Table 5.1) on a planar wafer at a dynamic deposition rate of rdyn
= 20 µm×m/min deduced from numerical simulations (see Chapter 2). The Si
wafer thickness is fixed at W = 270 µm. The increase in temperature is caused by
the deposition of aluminum.
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Table 5.1.
Tray speed vtray and Al layer thickness d of the evaluated processes.
The dynamic deposition rate of all processes is rdyn = 20 µm×m/min.
The variation in Al layer thickness d is achieved by choosing various
tray speeds.
Process Tray speed vtray [m/min] Aluminum layer thickness d [µm]
1 1.5 13
2 1 20
3 0.7 28
5.1.2. Results and discussion
Scanning electron microscope study
Figure 5.3 shows cross-sectional SEM images of the full-area evaporated samples of the
three deposition processes 1 to 3 from Table 5.1. The images are obtained from an ultra-
high resolution Hitachi S-4800 field emission SEM after the evaporated Al layer has been
etched off in a boiling 37% solution of hydrochloric acid (HCl). The Al-doped p+-region
forms during the evaporation process and appears brighter than the high-resistivity bulk of
the silicon wafer due to the potential contrast [115]. The process 1 (see Table 5.1) results
Figure 5.3.: (a) SEM micrograph of a cross-section of a sample processed with
process 1. The process temperature below 850 K is not leading to an Al-p+ layer.
(b) Process 2 results in a higher maximum wafer temperature of Tpeak = 938 K,
leading to the formation of a discontinuous Al-p+ region. The Al-p+ region is
clearly visible as being brighter than the base. (c) Process 3 (Tpeak = 1050 K)
results in a completely closed Al-p+ region. The emitter thickness is (3.5 ± 0.5)
µm. Figures 5.3 (b) and (c) show surface structures attributed to aluminum-rich
Si-structures on the surface.
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in a peak temperature below 850 K, thus it is not leading to a formation of an Al-p+
region as shown in Figure 5.3 (a). Process 2 (see Table 5.1) results in a higher maximum
wafer temperature of Tpeak = 938 K, leading to the formation of an Al-p
+ region. However,
Figure 5.3 (b) shows a discontinuous aluminum-doped layer. Process 3 (see Table 5.1) with
a simulated maximum substrate temperature of Tpeak = 1050 K results in a completely
closed Al-p+ region as shown in Figure 5.3 (c). From this image we determine the Al-p+
depth to be (3.5 ± 0.5) µm. The sheet resistance Rsh of the Al-p+ region is determined
from four-point-probe measurements to be Rsh = 80 Ω/. SEM investigations on the
entire area did not show any substantial non-uniformities of the Al-p+ thickness and we
thus assume a homogeneous distribution of the sheet resistance Rsh.
Electrochemical capacitance voltage profiling
Figure 5.4 shows the doping profile of the full-area Al-p+ region (process 3, see Table 5.1)
obtained by the electrochemical capacitance voltage (ECV) profiling technique with the
aid of a WEP CVP21 ECV profiler. The profile is obtained after the evaporated Al layer
has been etched off in a boiling 37% solution of hydrochloric acid (HCl). The doping
profile of the Al-p+ region shows a pronounced peak within the first 500 nm close to the
surface. In SEM investigations of plan-view samples surface structures are found. These
structures are of the same morphology as structures from screen-printed Al-p+ regions
observed in previous studies [116]. Thus, we attribute the measured concentration peak to
Figure 5.4.: Doping profile after deposition of 28 µm aluminum at a dynamic
deposition rate of 20 µm×m/min measured by ECV profiling. The pronounced
concentration peak at the surface is attributed to aluminum-rich surface structures.
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aluminum-rich Si-structures on the surface, which are not removed during the HCl etching.
Saturation current density of evaporated Al-p+ regions
Figure 5.5 shows the measured inverse effective lifetime 1/τ eff as a function of the injection
density ∆n of samples of processes 2 and 3 (see Table 5.1). A fit of Eq. (4.5) to the measured
data results in a saturation current density of J0 = (1600 ± 400) fA/cm2 (process 2) and
J0 = (695 ± 65) fA/cm2 (process 3). These values are in the same range as published
J0 data of unpassivated screen-printed Al-p
+ regions, where 500 to 2200 fA/cm2 have
been reported [117–120]. Process 1 results in temperatures of 808 K, thus not leading to a
formation of an Al-p+ region. Due to the missing back surface field we measure an effective
carrier lifetime τ eff of only (22 ± 2) µs at a carrier concentration of ∆n = 8×1013 cm−3.
Figure 5.5.: Measured inverse effective lifetime 1/τ eff as function of the excess
carrier density ∆n of a 200 Ω cm FZ p-Si wafer. The Al-p+ region covers only
one side of the wafer, the other surface is well passivated by SiNx.
5.2. Locally aluminum-doped regions
The electrical and optical properties of a full-area Al-BSF are only moderate and the
full-area metal-semiconductor contact often limits the solar cell open-circuit voltage and
therefore the energy conversion efficiency. In order to reduce the recombination at the
rear side of silicon solar cells, the rear side can be passivated and only contacted by local
aluminum contacts. In this Section the formation of local Al-p+ regions will be presented.
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5.2.1. Sample preparation
We use (1 0 0)-oriented and 270 µm thick p-type float-zone silicon (FZ-Si) wafers of 1.5 Ω
cm resistivity. After KOH etching and RCA cleaning we deposit on both wafer sides a 10
nm thick ALD-Al2O3 layer and a 90 nm thick PECVD-SiNx layer with a refraction index
of n = 2.05 at a wavelength of λ = 632 nm [87]. For the single sided contact openings laser
pulses of 8 to 9 picoseconds at a wavelength of 532 nm are applied to the samples using
a Nd:YVO4 laser. The contacting scheme consists of parallel line contacts with a width
of b = 85 µm and a period length of p = 2000 µm. Finally, we evaporate Al layers of 13,
20, and 28 µm thickness on the locally opened wafer side, again using the processes 1 to 3
from Table 5.1.
5.2.2. Results and discussion
Scanning electron microscope study
Figure 5.6 shows cross-sectional SEM images of the samples of the three deposition pro-
cesses 1 to 3. The images are obtained from an ultra-high resolution Hitachi S-4800 field
emission SEM. Again, process 1 (see Table 5.1) results in a temperature below the eutectic
temperature of 850 K, thus no Al-p+ region is formed (Figure 5.6 (a)). Process 2 results
in a wafer temperature of 938 K, leading to the formation of an Al-p+ region. However,
Figure 5.6 (b) shows a discontinuous aluminum-doped region. Process 3, where a peak
substrate temperature of Tpeak = 1050 K is simulated, results in a completely closed Al-p
+
region within the contact openings, as shown in Figure 5.6 (c). From this SEM image we
determine the Al-p+ depth to be (5 ± 3) µm.
At temperatures above the eutectic temperature silicon dissolves into the aluminum
layer. The passivation layer acts hereby as a diffusion barrier and the alloying process can
only take place in the area of the local openings. This results in the surface morphology
shown in Fig. 5.6 (b) and (c). Please note, that the width of the line contacts after
the formation of the Al-p+ region increases from b = 85 µm to b = 120 µm. A detailed
analysis of the contact formation of local screen-printed Al alloyed Si contacts is given in
Refs. [121–123].
Please also note that the SEM images 5.6 (b) and (c) show a inhomogeneous aluminum
layer. The images are taken directly after the Al depositions. However, images 5.6 (b)
shows that the contact area is only covered with a thin Al layer of ∼ 1 to 10 µm, whereas
the deposited Al layer thickness is 20 µm. Fig. 5.6 (c) shows an accumulation of Al from
the deposited 28 µm to a thickness of ∼ 40 µm. A macroscopic examination of the samples
shows that the rear side of the wafers after the deposition with processes 2 and 3 from
Table 5.1 is only partially covered with Al. This might be caused by the input of gravity
on the liquid Al layer during deposition.
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Figure 5.6.: SEM micrographs of cross-sections of samples processed with pro-
cesses 1 to 3. The samples feature an Al2O3 / SiNx passivation stack with line
openings of a width of 85 µm before Al deposition. The line width increases dur-
ing the formation of the Al-p+ layer to 120 µm. (a) SEM micrograph of a sample
processed with process 1. The process temperature below 850 K is not leading to
a local Al-p+ region. (b) Process 2 results in a higher maximum wafer tempera-
ture of Tpeak = 938 K, leading to the formation of a discontinuous Al-p
+ region
represented by the dotted line. The emitter thickness is (150 ± 150) nm. The
Al-p+ region is clearly visible as brighter contrast. (c) Process 3 (Tpeak = 1050 K)
results in a completely closed Al-p+ region as represented by the dotted line. The
emitter thickness is (5 ± 3) µm.
Saturation current density of local Al-p+ regions
Figure 5.7 shows the measured rear SRV Seff as a function of Al layer thickness d. Process
1 (see Table 5.1) is not leading to the formation of an Al-p+ region. The corresponding
effective recombination velocity is Seff = (114 ± 15) cm/s. Processes 2 and 3 lead to the
formation of an Al-p+ region and are thus reducing the effective SRV. Process 2 results
in a SRV Seff of (99 ± 10) cm/s and process 3 in a Seff of (50 ± 5) cm/s. Latter value is
in the same range as published SRVs of screen-printed local Al-p+ regions [31]. We use
Eqs. (4.2) and (4.3) to determine the recombination velocity Scont at the Al-Si interface by
fitting the measured Seff values using Scont as the fit parameter. From the Scont values we
determine the corresponding saturation current density J0 using equation (4.4) to J0,cont
= (11.5 ± 3.5)×103 fA/cm2 for process 1. Processes 2 and 3 are reducing the saturation
current density of the contacts to values of (4.8 ± 0.8)×103 fA/cm2 and (1.55 ± 0.15)×103
fA/cm2, respectively. The latter value is higher than the presented saturation current
density for a full-area Al-p+ region that is processed with the same process (see Section
5.1). This can be caused by the different contact formation mechanisms of full-area and
local Al-p+ regions (see Refs. [121–123]). Also, when determining the J0,cont of the local
Al-p+ regions we assume an opening width of 120 µm, which refers to the one-dimensional
opening width in the direction of the Si surface. Hereby, we neglect the actually larger
contact area (see Fig. 5.6 (c)) and thus overestimate the saturation current density.
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Figure 5.7.: Measured effective surface recombination velocity Seff as a function
of the Al layer thickness d of a 1.5 Ω cm p-type FZ-Si wafer. One side of the
wafer is passivated with a stack of Al2O3 and SiNx. The other side is passivated
with the same stack and features local laser contact openings of a width of 85 µm
and a period length of 2000 µm. The local Al-p+ region forms at the interface of
Al to Si in the area of the contact openings.
5.3. Chapter summary
This Chapter discussed the formation of aluminum-doped silicon regions by the in-line
high-rate evaporation of aluminum due to the high temperatures of up to 1050 K during
deposition. For the first time it was demonstrated that the deposition of 28 µm-thick
Al layers onto 270 µm-thick planar, unpassivated Si wafers leads to the formation of a
(3.5 ± 0.5) µm-thick Al-p+ region with sheet resistance of Rsh = 80 Ω/. With local
contact openings, the same process leads to the formation of a local Al-p+ region of (5 ±
3) µm thickness when applied on a passivated Si wafer. In addition we showed that the
corresponding measured saturation current densities of the contacts are J0,cont = (695 ±
65) fA/cm2 for the full-area aluminum-doped region and (1.55 ± 0.15)×103 fA/cm2 for the
local contacts, which are suitable for fabrication of high-efficiency solar cells.
6. Silicon solar cell device simulation
This Chapter presents the numerical simulation of energy conversion efficiencies of ’pas-
sivated emitter and rear cell’ (PERC) and of ’passivated emitter rear totally diffused’
(PERT) solar cells that feature evaporated rear point contacts. Chapter 4 investigated
the electrical properties saturation current density J0,cont and contact resistivity ρc and
parameterizations for both parameters were presented. These parameterizations will be
used in the present Chapter to simulate the energy conversion efficiencies of PERC and of
PERT solar cells. As the baseline case a PERC solar cell that features a screen-printed
metallization will be considered [31,34] and the impact of replacing the screen-printed rear
metallization by an evaporated rear metallization will be simulated.
6.1. Baseline case of device simulation
As the baseline case we consider a ’passivated emitter and rear cell’ (PERC) processed at
ISFH, which features a phosphorous emitter on the front side and screen-printed metalliza-
tion [31, 34]. This solar cell is simulated in Ref. [34] using the one-dimensional numerical
simulation software PC-1D [124] with the parameters shown in Table 6.1. The simulated
(and measured [31]) energy conversion efficiency η of the PERC cell featuring a screen-
printed metallization of front and rear side is 19.4%.
In order to evaluate the potential of an evaporated rear side metallization, we simulate
the efficiency η of solar cells using the front side characteristics of the 19.4% PERC cell as
well as the electrical characteristics of evaporated contacts determined in the Chapter 4.
We use the recombination, series resistance, and doping profile of the screen-printed front
side and consider two solar cell structures with evaporated rear contacts:(i) a PERC solar
cell, where the base is locally contacted by laser contact openings and (ii) a PERT solar
cell that features a boron-diffused back surface field and laser contact openings (LCO).
Figure 6.1 shows a schematic representation of both solar cell types. Both cells are as-
sumed to be processed on B-doped p-type Czochralski-grown silicon (Cz-Si) and to feature
a textured, P-doped n+-type front emitter and a passivated and locally contacted rear
side. We use the values of the screen-printed front side from Ref. [31]. Cz-Si contains
boron and oxygen, which forms recombination-active boron-oxygen-complexes under illu-
mination [126, 127]. The minority charge carrier lifetime thus decreases by illumination
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Table 6.1.
Parameters used for one-dimensional PC-1D simulations of silicon
solar cells. Screen-printed and evaporated refers to the rear side
contact formation.
Parameter Screen-printed Evaporated Evaporated
PERC cell PERC cell PERT cell
Front reflectance Measured Measured Measured
Emitter contact resistance [Ω cm2] 0.55 0.55 0.55
Base contact resistance [Ω cm2] 1 (4.3),(4.13),(6.3) (4.13),(6.3),(6.5)
Thickness [µm] 180 180 180
Background doping [cm−3] 6×1015 1×1015-1×1017 1×1015-1×1017
Peak doping front diffusion [cm−3] 1×1020 1×1020 1×1020
Rear diffusion [Ω/] - - 23-260
Bulk lifetime [µs] 920 (6.1),(6.2) (6.1),(6.2)
Front surface recombination [cm/s] 1×104 1×104 1×104
Rear surface recombination [cm/s] 70 (4.2),(4.3) (6.4), [125]
under typical solar cell operation temperatures. However, the lifetime can be recovered
and stabilized by illumination at temperatures in the range of 350 to 500 K [128, 129]. In
our simulations we consider both, the degraded lifetime and the stabilized lifetime after
illumination and use the parameterizations given in Refs. [127,130,131] for a typical oxygen
concentration of (7.5 ± 0.5)×1017 cm−3. The degraded lifetime is(
τn,deg
µs
)
= 8.7× 1014
(
NA
cm−3
)−0.824
, (6.1)
while the stabilized lifetime is(
τn,stab
µs
)
= 1× 1026
(
NA
cm−3
)−1.46
. (6.2)
As suggested in Ref. [130] we assume the degraded lifetime to increase by a factor 2 due
to a standard POCl3 diffusion. We further assume τp = 10 τn and Et-Ei = 0.15 eV, where
Et is the trap level of Shockley-Read-Hall recombination and Ei is the intrinsic Fermi level.
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Figure 6.1.: Schematic representation of (a) PERC and (b) PERT solar cells.
Both cells are assumed to be processed on B-doped p-type Czochralski-grown silicon
(Cz-Si) and to feature a textured, P-doped n+-type front emitter and a passivated
and locally contacted rear side.
6.2. Modeling passivated emitter and rear cells
We simulate PERC cells with various base resistivities ρ, contact radii r, and metallization
fractions f of the rear side. By varying these parameters both the rear surface recombination
velocity Seff and the rear series resistance Rs,PERC change. We calculate the rear SRV as a
function of base resistivity, contact radius, and metallization fraction using Fischer’s model
(see Eqs. (4.2) and (4.3)). We use the fitted dependence of the saturation current densities
J0,cont (see Eq. (4.10)) on the doping density NA and an approximated and constant J0,pas
= 10 fA/cm2 as input parameters. The corresponding series resistance Rs,PERC of the rear
side as a function of base resistivity, contact radius, and metallization fraction results from
adding the base resistance Rs (see Eq. (4.3)) and the area-averaged contact resistance
Rc =
√
ρρc
W
rB0(−r
√
ρ/ρcW )
−2f√−1B1(r
√−ρ/ρcW ) , (6.3)
which is given in Ref. [98]. B0 and B1 are Bessel functions that follow by solving the
differential equations when using radially dependent parameters and i is the imaginary
unit.
Eq. (6.3) takes into account that the ratio of a point contact that participates in col-
lecting the current decreases with decreasing sheet resistance Rsh and also with decreasing
contact resistivity ρc [132]. Rc further depends on the wafer thickness W and the opening
radius r. Furthermore, we use the parameterization for the contact resistivity ρc given
in Eq. (4.13). The empiric Equation (4.3) deviates less than 8% from the exact numeric
solution [85, 133] and Catchpole showed that Eq.(4.3) provides a good approximation for
spreading resistance in PERC solar cells [134].
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Figure 6.2.: Energy conversion efficiency η of PERC solar cells with a base
resistivity of 1.5 Ω cm obtained by one-dimensional PC-1D simulations. The
efficiency is plotted as a function of metallization fraction f for three different
contact radii.
We thus assume that Rs,PERC = Rs + Rc is a reasonable approximation for the base
series resistance of PERC solar cells.
Figure 6.2 shows the simulated energy conversion efficiency of a PERC solar cell as a
function of the metallization fraction for various contact radii and for a base resistivity of
1.5 Ω cm with stabilized minority carrier lifetime according to Eq. (6.2). The optimum
metallization fraction fopt, i. e. the fraction with the highest efficiency η, increases with
increasing contact radius r. In addition, the maximum efficiency at a given contact radius
is less sensitive to r for larger radii. However, the highest efficiencies are obtained at smaller
contact radii. The following simulations were done assuming an opening radius of 100 µm.
The cell efficiency is limited by high series resistance for f < fopt and by increasing
recombination at the rear surface for f > fopt. Figure 6.3 shows the optimum opening
fraction depending on base doping density NA for the degraded and stabilized solar cells.
The optimum metallization fraction shows a minimum for base doping densities of about
1-5×1016 cm−3 of about 3% (stabilized lifetime) and 4% (degraded lifetime), respectively.
A lower bulk lifetime τdeg enables a higher opening fraction since the recombination is
dominated by recombination in the p-type base. Thus, increasing recombination losses
at the rear by a higher metallization fraction f are overcompensated by the gain in fill
factor. As a consequence, the optimum metallization fraction fopt in the case of degraded
lifetime is higher than in the case of a stabilized bulk lifetime. Also the increase of fopt
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Figure 6.3.: Optimum metallization fraction fopt of PERC solar cells as a func-
tion of the base doping density NA. The dashed blue line represents a PERC cell
with a degraded bulk lifetime τ deg while the solid red line corresponds to a PERC
solar cell with a stabilized bulk lifetime τ stab.
when using higher doped silicon is caused by the lower bulk lifetime associated with higher
recombination. The increase for lower doped silicon is caused by the lower conductivity of
the base and by the higher contact resistivity.
Figure 6.4 shows the simulated solar cell parameters fill factor FF, open-circuit voltage
Voc, short-circuit current density Jsc, and efficiency η as a function of base doping density
NA. The values are calculated with the optimum metallization fraction (see Fig. 6.3)
and with an opening radius of 100 µm. The dashed blue lines represent values which
are calculated for a degraded bulk lifetime (see Eq. (6.1)), whereas the solid red lines
corresponds to the solar cell parameters after stabilizing the bulk lifetime (see Eq. (6.2)).
The solar cell parameters show qualitatively the same dependence on base doping density
for degraded and stabilized bulk lifetimes. The fill factor increases with increasing doping
density. This is caused by a reduced total series resistance due to lower base and contact
resistances. In addition, the open-circuit voltage Voc increases with increasing doping
density, which is caused by the direct influence of the doping density on the dark saturation
current density and thus on the open-circuit voltage [135]. The degradation of the bulk
lifetime associated with Auger recombination reflects in a decrease of the short-circuit
current Jsc, which decreases for doping densities larger than 1×1016 cm−3. Regarding the
solar cell output an optimum base resistivity in the order of 0.5 Ω cm (corresponding to
3×1016 cm−3) with an efficiency of 20.6% (stabilized) is found.
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Figure 6.4.: Simulated solar cell parameters of PERC solar cells as a function
of base doping density NA with degraded lifetimes τ deg (dashed blue lines) and
stabilized lifetimes τ stab (solid red lines). The graphs show (a) the fill factor FF,
(b) the open-circuit voltage Voc, (c) the short-circuit current density Jsc, and (d)
the energy conversion efficiency η. The squares represent measured and simulated
parameters from the screen-printed solar cell from Refs. [31, 34].
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6.3. Modeling passivated emitter and rear totally diffused
cells
We simulate passivated emitter and rear totally diffused (PERT) solar cells with various
base resistivities ρ, contact radii r, metallization fractions f, and sheet resistances Rsh of
the back surface field. By varying these parameters both the recombination at the rear
side and the series resistance Rs,PERT change. For the calculation of the rear recombination
we determine the saturation current density of the rear side
J0,rear = (1− f) J0,pas + f J0,cont (6.4)
by assuming area-averaged values. Note that the numerical simulation program PC-1D
requires surface recombination velocities as input parameter. In order to calculate these
surface recombination velocities as a function of the metallization fraction f we use a one-
dimensional model (EDNA) [125], which models a 1D emitter in silicon. Given a dopant
profile as measured by ECV profiling technique (see Fig. 4.9) and a saturation current
density J0,rear (f) of the boron-diffused rear side (see Eq. (6.4)), we calculate the rear
surface recombination velocity as a function of the metallization fraction f. This effective
SRV is then used as input parameter in the numerical simulations of the energy conversion
efficiencies. Fig. 6.5 shows the effective SRV as a function of the metallization fraction
Figure 6.5.: Effective rear surface recombination velocity Seff,rear as a function
of the metallization fraction f for three boron-diffused layers with sheet resistances
Rsh of 23, 66, and 86 Ω/. The SRV are determined using the measured satura-
tion current densities and using the one-dimensional emitter model EDNA [125].
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for the three boron-diffused layers presented in Section 4.4.1. The surface recombination
velocity increases with increasing metallization fraction f from ∼ 1500 cm/s for f = 0%
to 1.6×104 cm/s (66 Ω/), 1.8×104 cm/s (86 Ω/), and 2.6×104 cm/s (23 Ω/) for f =
20%, respectively.
In order to calculate the corresponding series resistance Rs,PERT we use the area-averaged
contact resistance Rc (see Eq. (6.3)) and a model for the series resistance Rs* in the base.
This model follows Ref. [136] by assuming lateral flow of the majority charge carriers into
the back surface field and then to the point contacts. For the base series resistance follows
R∗s = ρW +
Rshp
2
30
+ p2
RshdBSF
2pir
arctan
(
2dBSF
r
)
, (6.5)
where dBSF is the thickness of the boron-diffused layer. The first term in Eq. (6.5) is
attributed to the normal current flow through the base into the BSF, the second term cor-
responds to the resistance in the BSF, and the third term takes into account the spreading
resistance under the Al contacts [86, 134].
In the case of a BSF with Rsh = 66 Ω/ and a typical metallization fraction of 2%, the
second and third contribution in Equation (6.5) can be neglected and the series resistance
is dominated by the current flow through the base. Similar to the previous Section we
obtain the total series resistance Rs,PERT by adding Eqs. (6.3) and (6.5). We use the
above measured recombination and contact resistivity of boron-diffused layers with sheet
resistances Rsh of 23 Ω/, 66 Ω/, and 86 Ω/ in our simulations.
The boron-diffused layer under the rear contacts reduces the recombination under the
contacts. Hence, it is possible to reduce the distance between the rear contacts compared
to the distances of PERC solar cells and to use smaller contact openings [137, 138]. This
results in a reduced lateral series resistance and thus an increased fill factor compared to
a PERC solar cell. In our simulations of PERT solar cells we thus use the experimentally
achieved single point LCOs with a radius of 19 µm.
Figure 6.6 shows the simulated solar cell parameters fill factor FF, open-circuit voltage
Voc, short-circuit current density Jsc, and efficiency η as a function of base doping NA of
PERT solar cells with a BSF with sheet resistance of Rsh = 66 Ω/. The efficiencies are
calculated for the optimum metallization fraction fopt. The optimum metallization fraction
is about 2% after stabilizing the lifetime and about 3% for a degraded bulk lifetime. The
dashed blue lines represent values which are calculated for the degraded bulk lifetime
whereas the solid red lines present the solar cell parameters after stabilizing the bulk
lifetime. For both bulk lifetimes the fill factor increases with increasing doping density, as
expected from the decreasing series resistance in the base. The open-circuit voltage Voc is
about 670 mV in the stabilized state for all base doping densities and shows a minimum
of ∼ 650 mV at 2×1016 cm−3 for degraded bulk material which increases to 668 mV at
1×1015 cm−3 and 664 mV at 1×1017 cm−3, respectively.
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Figure 6.6.: Simulated solar cell parameters of PERT solar cells as a function
of base doping density NA with degraded lifetimes τ deg (dashed blue lines) and
stabilized lifetimes τ stab (solid red lines). The graphs show (a) the fill factor FF,
(b) the open-circuit voltage Voc, (c) the short-circuit current density Jsc, and (d)
the energy conversion efficiency η. The squares represent measured parameters
from the screen-printed solar cell from Refs. [31, 34].
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The increase of the Voc in the degraded case for lower doping densities is caused by an
increased bulk lifetime whereas the increase for higher doping densities is caused by the
direct influence of the doping density on the dark saturation current density.
Similar to PERC cells the degradation of the bulk lifetime is notable regarding the short-
circuit current, which decreases with increasing doping density. Regarding the solar cell
output an optimum doping density of 4×1015 cm−3 with an efficiency of 21.1% (stabilized)
and 19.9% (degraded) is found. However, the efficiency is not significantly changing for
base doping densities from 2×1015 to 9×1015 cm−3 and a PERT solar cell is less sensitive
to the base doping than the PERC solar cell structure. Please note that these efficiencies
are simulated assuming the current screen-printed front side and that improving the front
side would result in higher efficiencies. In the following we want to investigate the influ-
ence of the BSF sheet resistance Rsh onto the energy conversion efficiency η. In order to
estimate cell efficiencies of PERT solar cells that feature back surface fields with higher
sheet resistances we extrapolate our measured saturation current densities J0,pas and J0,cont
(see Fig. 4.10) and contact resistivities ρc (see Fig. 4.13) and simulate PERT solar cells
with BSFs of up to 260 Ω/. Figure 6.7 shows the simulated energy conversion efficiency
of PERT solar cells as a function of BSF sheet resistance Rsh with degraded lifetimes τdeg
(dashed blue line) and stabilized lifetimes τ stab (solid red line).
Figure 6.7.: Simulated solar cell efficiencies of PERT solar cells as a function of
sheet resistance Rsh with degraded lifetimes τ deg (dashed blue lines) and stabilized
lifetimes τ stab (solid red lines). The efficiencies are calculated with the optimum
metallization fraction f and optimum base doping density NA. Both depend on the
sheet resistance Rsh.
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The efficiencies are calculated for the optimum metallization fraction fopt and base doping
density NA. We observe similar cell efficiencies of PERT solar cells with sheet resistances
from 60 Ω/ to 260 Ω/ with a broad maximum at Rsh = 70 Ω/.
6.4. Loss analysis of PERC and PERT solar cells
In order to identify the efficiency limiting factors we determine the free energy losses of
the different transport and recombination paths of the simulated PERC and PERT solar
cells [139]. The calculation of the free energy is based on the series resistance and on the
recombination current flows, and the quasi-Fermi levels as extracted from the simulation.
A detailed description of the analysis is given in Refs. [139,140]. All losses are determined
in power losses per cell area at the maximum power point. Table 6.2 summarizes the power
losses of simulated PERC and PERT solar cells with the highest simulated efficiencies.
Table 6.2.
Absolute power losses of the best PERC and PERT cells with
stabilized and degraded bulk lifetimes, evaluated at the maximum
power point. The losses due to series resistance and due to
recombination at the front and rear side and in the bulk are shown.
Cell type Maximum Base Losses Losses Losses
efficiency doping at front at rear in bulk
[%] [cm−3] [%] [%] [%]
Ser. res. / Rec. Ser. res. / Rec. Ser. res. / Rec.
PERC (st.) 20.6 4×1016 0.6 / 0.4 0.08 / 0.3 0.2 / 0.4
PERC (dg.) 19.6 3×1016 0.6 / 0.3 0.06 / 0.2 0.1 / 1
PERT (st.) 21.1 4×1015 0.6 / 0.5 0.06 / 0.2 0.08 / 0.1
PERT (dg.) 19.9 4×1015 0.6 / 0.3 0.04 / 0.1 0.07 / 0.8
The power density losses of the simulated PERC and PERT solar cells are in the case
of stabilized lifetime dominated by the losses at the front side and in the case of degraded
lifetime by losses in the bulk. The contribution of the rear side to the total power losses
of the PERC cells is 20.8% when using stabilized bulk material and 13% in the case of
degraded p-type Cz-Si. When simulating PERT solar cells, the contribution to the total
power losses of the rear side is determined to 29.4% (stabilized) and 10.6% (degraded).
Thus, the analysis shows that the energy conversion efficiency of the simulated solar cells
is mainly limited by the front side or by the minority charge carrier lifetime in the base
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and that the evaporated rear contacts only result in minor power losses. In principle,
evaporated rear contacts would thus allow higher efficiencies.
6.5. Chapter summary
This Chapter demonstrated the high potential of evaporated rear contacts for PERC and
PERT solar cells.
Using the parameterizations derived in Chapter 4, we performed numerical device sim-
ulations to determine the optimum base doping density NA, metallization fraction f, and
BSF sheet resistance Rsh for PERC and PERT type solar cells, respectively. We found
that a doping density of 4×1016 and metallization fraction f of 3% allow for PERC solar
cells with energy conversion efficiencies of 20.6%. For PERT solar cells, the optimum base
doping density NA of 4×1015, metallization fraction f of 2%, and BSF sheet resistance
Rsh of 66 Ω/ lead to 21.1%. In addition, the simulated free energy losses showed that
such cells are not limited by the in-line evaporated point contacts on the rear side. Thus
evaporated contacts allow even higher efficiencies.
7. Summary
This work presented for the first time a comprehensive study of the in-line high-rate evap-
oration of aluminum for the contact formation to silicon solar cells.
First, the temperature of silicon wafers during in-line high-rate evaporation of aluminum
was investigated. It was shown that the wafer temperature increases with decreasing wafer
thickness W, and wafer emissivity ε as well as with increasing aluminum layer thickness
d. Depending on the analyzed deposition parameters the wafer temperatures are in a wide
range of 497 K to 1050 K. Two-dimensional finite-element simulations reproduce measured
peak temperatures with an accuracy of 97%.
This work also studied the wafer bow after in-line high-rate evaporation and showed that
the bow depends on the Al layer thickness d, the wafer thickness W and the wafer edge
length b. It was found that the elastic theory overestimates the wafer bow of planar Si
wafers. By assuming an elastic bending only during the first 79 K in temperature decrease,
which is followed by a plastic deformation of the Al layer, the measured bow data could be
reproduced with a standard deviation of 0.47 mm. With regard to the assembly of solar
cells into a module, we found that the deposition of 2 µm-thick Al layers onto 156 × 156
mm2 silicon wafers with thickness 150 µm leads to a tolerable wafer bow of (1 ± 0.5) mm.
Due to the plastic deformation the bow might be eliminated by cooling down the wafers
by 79 K and subsequent heating to room temperature.
In addition, the impact of Al depositions with wafer temperatures of up to 1050 K on
the quality of dielectric passivation stacks was analyzed. A passivation stack consisting of
10 nm-thick ALD-Al2O3 and 90 nm-thick PECVD-SiNx still achieved an excellent surface
passivation quality, featuring a saturation current densities of J0,pas below 8 fA/cm
2 on p-
type silicon of 1.5 Ω cm resistivity. Parameterizations for the measured saturation currents
of contacted p-type Si wafers and of contacted boron-diffused layers were found.
For the first time the formation of aluminum-doped p+-type silicon regions by the in-
line high-rate evaporation of aluminum without any further temperature treatment was
presented. Contact saturation current densities of J0,cont = (695 ± 65) fA/cm2 for full-area
Al-p+ regions and of (1.55 ± 0.15)×103 fA/cm2 for local Al-p+ regions were determined.
The contact resistivity of 2 µm-thick Al layers to silicon as a function of the surface
doping density was parameterized.
The contact formation was found to be a thermally activated process, with an activation
energy of EA = (1.06 ± 0.12) eV for B-doped p-type silicon of 0.5 Ω cm resistivity and of
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EA = (1.24 ± 0.2) eV for silicon of 3.8 Ω cm resistivity.
Finally, the measured electrical properties of the evaporated Al layers were used in nu-
merical simulations and it was shown that the parameters allow for PERC and PERT solar
cells with energy conversion efficiencies of 20.6% and 21.1%, respectively. In addition, the
simulated free energy losses showed that such cells are not limited by the in-line evaporated
point contacts on the rear side.
The use of evaporated rear contacts to high-efficiency silicon solar cells demands for
increased process complexity and for alternative bonding technologies, which needs to be
further investigated.
However, the results of this work demonstrated the high quality of rear contacts to
silicon solar cells that are formed by in-line high-rate evaporation of aluminum and that
evaporation is a promising alternative to the screen-printing technology.
A. Analytical verification of
two-dimensional temperature
simulation
Equation (2.1) has time-varying boundary conditions Eqs. (2.2), (2.3), and (2.18). Such
partial differential equations can only be solved analytically in special cases. In the follow-
ing such special cases are considered and analytical solutions are presented. The tempera-
tures that are calculated with the analytical formula are compared with the temperatures
that are calculated using two-dimensional finite-element simulations.
A.1. Temperature increase
First we consider the special case of a linear increase in wafer temperature. In order to
simplify Eqs. (2.1), (2.2), (2.3), and (2.18) we assume an in-line deposition process that
features a constant static deposition rate rs(x) = rs, i. e. the deposition is independent
of the time and of the position in x-direction over the boat (see Fig. 1.5). Besides, the
width of the coating area is assumed to be much larger than the wafer edge length. Thus,
heat diffusion within the silicon wafer in x-direction does not occur and can be neglected.
We further assume that the emissivity of the wafer equals zero and the heat radiation can
thus be neglected. As a consequence only the boundary condition according to Eq. (2.2)
applies and simplifies to
jdep(x) = ∆HAl ρAl rs. (A.1)
The temperature of the silicon wafer
T (t) =
∆HAl ρAl rs
CSi ρSi W
t+ T0 (A.2)
follows by identifying Eq. (A.1) with the left hand term of Eq. (2.1) and by a subsequent
integration over time. The heat capacity of the silicon wafer in Eq. (2.1) is assumed to
be independent of the temperature. Please note that the wafer thickness W is included
in Eq. (A.2), since the analytical solution according to Eq. (A.2) only considers the heat
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Figure A.1.: Wafer temperatures calculated by two-dimensional finite-element
simulations (symbols) and by the analytical formulas (lines), respectively. (a)
The increase in temperature is calculated without any heat radiation from the
front side, resulting in a linear increase of the temperature. (b) The temperature
decrease of a silicon wafer in vacuum is calculated assuming no heat flows to the
wafer.
capacity of the whole wafer and not of finite-elements, as suggested by Eq. (2.1). T0 is the
temperature of the wafer before deposition. Figure A.1 shows the increase in temperature
of a 180 µm-thick silicon wafer calculated with Eq. (A.2) (solid line) and using the two-
dimensional finite-element simulation (squares). The agreement of the two is excellent.
A.2. Temperature decrease
In the second case we considered the situation that the wafer of temperature T0 is cooled
down by means of heat radiation. We assume no heat radiation to a wafer (temperature
of the chamber equals 0 K) and the reflectivity R of the chamber to be zero. We further
assume no aluminum deposition onto the wafer. The temperature dependence of the wafer’s
emissivity ε(T) is also neglected. Since heat radiation and heat flow to the wafer are
neglected only the boundary condition according to Eq. (2.3) applies and simplifies to
jrad(T) = ε σ T
4. (A.3)
Identifying the left hand term of Eq. (2.1) with Eq. (A.3) gives a differential equation,
A.2. Temperature decrease 87
T˙ − a T 4 = 0, (A.4)
with a = (ε σ)/(CSi ρSi W). Again, W must be taken into account and CSi is assumed
to be independent of the temperature T. Solving Eq. (A.4) gives the temperature of the
silicon wafer
T =
(
3a
(
t+
1
3aT 30
))− 1
3
. (A.5)
Figure A.1 shows the temperature of a 180 µm-thick silicon wafer during cooling down
calculated with Eq. (A.5) (dashed line) and using the two-dimensional finite-element sim-
ulation (triangles). Again, the agreement between the analytical solution and the finite-
element simulation is excellent. In conclusion, we have shown that the temperatures which
are calculated by two-dimensional finite-element simulations equal the temperatures which
are analytically determined.

B. Contacts to n+-type silicon
B.1. Sample preparation
For the contact resistivity- and lifetime measurements we fabricate asymmetric test struc-
tures where the passivated n+ layer is prepared on the rear side of the wafer while the
front side is well passivated with a SiNx layer. For the sample preparation we use single-
crystalline, (1 0 0)-oriented and 300 µm-thick p-type float-zone silicon wafers of 200 Ω cm
resistivity. After RCA cleaning we deposit on the wafer front side a diffusion barrier con-
sisting of a 100 nm-thick SiNx layer with a refraction index of n = 1.9. After another RCA
cleaning the single-sided phosphorous diffusions are done in an industrial-type diffusion
furnace from LPT Europe [88]. We perform 2 different diffusion processes with different
resulting sheet resistances of 40 Ω/ and 100 Ω/, respectively. After the diffusions we
remove the SiNx barrier layer and the phosphorous glass in a 40% solution of hydrofluo-
ric acid. After a following RCA cleaning we deposit on both wafer sides a 10 nm-thick
SiNx layer with a refraction index of 2.4 and a 90 nm-thick SiNx layer with a refraction
Figure B.1.: Doping profile of the phosphorous-diffused layers measured using
the ECV profiling technique.
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index of n = 2.05. Using the ps laser system we apply LCOs to the phosphorous-diffused
layers. The contacting scheme consists of non-overlapping point contacts with a metal-
lization fraction of f = 0.7. The radius of the point contacts is r = (20 ± 1) µm. Using
the ATON 500 deposition system we deposit 2 µm-thick Al layers at dynamic deposition
rates of 5 µm×m/min onto the locally opened dielectrics. We measure the lifetimes of the
metallized samples using the dynILM technique [95,97].
Subsequently, we deposit a 200 nm-thick silicon dioxide SiOx layer by means of physi-
cal vapor deposition at a low temperature of T < 400 K on the aluminum layer using a
laboratory batch evaporation system (BAK EVO from Unaxis). Afterwards we ablate a
complementary finger structure of the PVD SiOx layer, again using the ps laser system,
and obtain the finger structure by etching in boiling 37% hydrochloric acid. The finger-
structure is used for the measurement of the contact resistivity by the transfer length
method [25,98,99]. Afterwards we sinter the contacts for 1 minute at 623 K. Each lifetime-
and contact resistivity measurement is done on three silicon samples and the standard de-
viation of the three measurements defines the error bars presented in the following figures.
Figure B.2.: Measured saturation current densities J0 of passivated and of con-
tacted n+ layers of sheet resistances Rsh of 40 Ω/ and 100 Ω/. The J0 of
the contacted phosphorous-doped layers increase with increasing sheet resistance,
whereas the saturation current densities of the passivated phosphorous-doped lay-
ers decrease with increasing sheet resistance.
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B.2. Results
Figure B.1 shows the doping profiles of the 2 different phosphorous diffusions examined
in this work measured using the electrochemical capacitance voltage (ECV) profiling tech-
nique (CVP21 from WEP). The diffusions feature surface doping densities ND of 1.2×1020
cm−3 (40 Ω/) and of 3×1020 cm−3 (100 Ω/), respectively. The depth of the diffused
layers are approximately 300 nm (100 Ω/) and 500 nm (40 Ω/).
Figure B.2 shows the measured J0 values of the passivated and of the contacted phosphorous-
doped layers. The J0 of the contacted layers increases and the J0 of the passivated layers
decreases with increasing sheet resistance Rsh. This is consistent with results obtained on
diffused layers presented in the literature [109,110]. The increase in J0,cont with increasing
sheet resistance Rsh results from the field effect passivation associated with the gradient of
the doping profile [110]. The decrease of the saturation current density J0,pas of passivated
phosphorous-diffused layers results from a better surface passivation and thus decreasing
recombination for lightly doped diffused layers.
We determine the contact resistivity of Al layers to the two phosphorous-diffused layers
using the TLM method. The diffusion with a sheet resistance of 40 Ω/ features a surface
doping density of 1.3×1019 cm−3 whereas the diffusion with a sheet resistance of 100 Ω/
features a surface doping density of 3×1019 cm−3. Similar to Section 4.4.2 we observe a
decrease in contact resistivity with increasing doping density from (2.3 ± 0.6) mΩ cm2 to
(1.5 ± 0.4) mΩ cm2 for the two phosphorous-diffused layers.
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